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ABSTRACT 
Nutrient inputs to marine ecosystems is an area of growing concern in coastal areas 
experiencing rapid urbanisation. Of most concern are increased nitrogen inputs to coastal 
estuaries from fertiliser use, stormwater runoff and subsurface septic deposits. Thus, there is a 
need to identify, monitor and, where possible, remediate both point and non-point sources of 
nutrient pollution. 
Lake Illawarra, located on the South Coast of New South Wales is a barrier lagoon which has 
been experiencing macro algal blooms for many years associated with eutrophication. This 
study is a continuation of a number of groundwater quality assessments that have been 
conducted in the Windang Peninsula over the past two decades. The main objective of this 
preliminary study was to identify the north-south, east-west extent of ammonia in the 
unconfined aquifer of the Windang Peninsula.  
Three boreholes (4 m, 8 m and 12 m) were sunk at each of the four monitoring locations in 
the Windang Sandy Aquifer to identify ammonia trends with depth. Nitrate, nitrite, ammonia 
and TKN were sampled to show the species of nitrogen present in the aquifer. A dry period 
and rain event sample rounds have identified the presence of ammonia concentrations well 
above ANZECC guidelines for the 12 m bores. The dry period sample round and the rain 
event sample round identified maximum ammonia concentrations of 71.0 mg/L and 73.3 
mg/L respectively. Nitrate and nitrite concentrations were quite low with maximum 
concentrations for both rounds of 0.59 mg/L and 0.01 mg/L respectively. Analysis for heavy 
metals showed that soluble iron is present at a maximum of 9.1 mg/L. Cadmium, lead and 
copper were either close to or below the detectable limit whilst zinc was detected below 
ANZECC guidelines. 
The 12 m holes were cored for the reconstruction of the Windang Barrier Holocene 
evolution. Amino acid racemisation was used to date A. trapezia found in the core samples. 
The evolution of the Windang Barrier is consistent with similar studies of Holocene evolution 
of Lake Illawarra. 
The monitoring location along the lake’s edge suggests that tidally driven, circulating 
estuarine water is responsible for a subterranean mixing zone. It has been hypothesized that 
this zone is responsible for significant attenuation of the plume. Concentrations of ammonia 
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in the salt water wedge are above natural levels in the lake and this suggests that advection of 
ammonia across the subterranean estuary is likely. Regular monitoring on a monthly basis 
and directly after a rainfall event is recommended to validate temporal and seasonal trends of 
the ammonia plume. 
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1 INTRODUCTION 
1.1 BACKGROUND TO THE PROJECT 
Pollution from anthropogenic sources is an issue of concern for aquatic ecosystems across the 
globe. Rates of reactive nitrogen inputs into environments from anthropogenic sources have 
increased dramatically since the 1960s, caused by increases in cultivation, fertiliser use and 
fossil fuel combustion (Galloway et al., 2003). Coastal estuaries and particularly coastal 
lagoons are highly susceptible to nutrient pollution due to their limited mixing and dilution 
with ocean water (Bortone, 2005). Additionally, increased pollution as a result of higher 
population densities in coastal regions has put pressure on both riverine and coastal aquatic 
ecosystems. One consequence of this is increasing biomass production which has led to a 
decrease in the overall diversity of marine systems. Reactive nitrogen inputs into coastal 
marine ecosystems are now seen as the major pollution problem facing coastal waters 
(Galloway et al., 2003; Sindermann, 2006). 
Submarine groundwater discharge (SGD) is a particularly important pathway for nutrient 
transportation to the coastal zone. It represents the very slow yet continual seepage from 
adjacent land-based aquifers into the coastal zone, thus accounting for a large percentage of 
nutrient injections (Burnett et al., 2006). In some cases SGD of nutrients has been greater 
than or equal to the amount transported by surface runoff (Corbett, 2000; Krest et al., 2000). 
Nutrient exports via SGD to estuaries in particular could represent a significant proportion of 
nutrients entering the water body (Kelly and Moran, 2002). 
Nutrient inputs are readily assimilated into the biosphere, causing concern for food-chain 
responses and the potential onset of eutrophication (Bianchi, 2007). It is necessary to monitor 
and where possible, quantify nitrogen inputs to develop a greater understanding of the effects 
of anthropogenic additions to the total nitrogen budget. Additionally, identifying the sources 
of nitrogen inputs is the first step to initiating legislative action with regards to beneficial 
mitigation and rehabilitation regimes (Howarth and Marino, 2006). 
1.2 BACKGROUND TO STUDY AREA 
The Windang Peninsula is a thin north-south oriented lagoonal sand barrier located around 
85 km south of Sydney on the South Coast of New South Wales (Figure 1). To the east lies 
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the Tasman Sea whilst the western edge of the barrier is bounded by Lake Illawarra, a 
shallow coastal barrier estuary. Lake Illawarra provides the region with significant social, 
economic and ecological value. The lake has seen consistent environmental disturbance since 
the onset of urbanisation surrounding the lake’s edge around 200 years ago (Morrison and 
West, 2004b). In particular, urbanisation has resulted in increased agricultural, industrial and 
domestic runoff, which has amplified nutrient enrichment, associated algal blooms and trace 
metals in the lake (Morrison and West, 2004a). 
The stratigraphic units of the Windang Peninsula consist of unconsolidated, unconfined, 
Quaternary dune sands to a maximum depth of 30 m (Coffey Partners International, 1996). 
The bedrock beneath the sand aquifer is composed of volcanic sandstones from the Permian 
Broughton Formation (Coffey Partners International, 1994). Overlying the dune sands is a 
thin layer of organic material such as root mat, thatch and fine organics of between 75 to 100 
mm depth (Neylan, 2000). The unconfined nature of the aquifer and consistent rainfall results 
in a shallow water table at an average depth of 0.5 m. Groundwater in the aquifer is primarily 
fresh, with density separation causing a distinct boundary between the freshwater lens and the 
intruding lake and oceanic groundwater. Groundwater in the freshwater lens has migrated in a 
westward direction, away from the dune sands towards the lake at a rate of 14-15 m/year 
(Doran, 2002). The unconfined and primarily sandy nature of the dune-sands means that 
rainwater is a major contributor to aquifer recharge. Surface water and associated nutrients 
and/or contaminants is thus readily assimilated via percolation to the underlying groundwater. 
1.3 HISTORY OF THE SITE 
The Windang Peninsula is a residential area, with housing lining the lake foreshore. It is also 
home to the Port Kembla Golf Course (PKGC) that covers a large portion of the backbarrier 
flat in the eastern part of the Windang Peninsula (Figure 1). A number of algal blooms have 
been identified in a series of studies on Lake Illawarra over recent decades as a result of 
increased nitrogen loading (Rutten et al., 2004). Nitrogen-rich runoff from the Windang 
Peninsula is thought to be one of the main causes of macro-algal blooms in the lake (Doran, 
2002; Montgomery, 2004). The Windang Peninsula has been subjected to a number of waste 
disposal events since the early 1940s such as night soil deposits, copper slag emplacements, 
coal wash deposits, and septic effluent and screenings deposits (Figure 2). Dumping events 
have been logged by Wollongong City Council, but due to the limited legislative environment 
 
 
3 
at the time the deposits were emplaced accounts are primarily anecdotal (Wollongong City 
Council, 2015). It was therefore suggested by the Wollongong City Council that groundwater 
studies be completed to develop a greater understanding of the effect of copper slag deposits 
and waste disposal on the Windang Sandy Aquifer. 
 
Figure 1: Location of the Windang Peninsula respective to Lake Illawarra (source: Google Earth, 
2015) 
The Port Kembla Golf Course and the surrounding area have been subject to a number of 
studies over the past two decades following the concern of contaminant leaching and 
migration to Lake Illawarra. Early studies focussed on copper slag deposits and the 
concentrations of heavy metals in the groundwater (Coffey Partners International, 1994, 
1996; Yassini, 2004). Elevated levels of soluble heavy metals such as cadmium and zinc were 
identified in a preliminary study conducted by Coffey Partners International (1994). Coffey 
Partners International’s (1996) second study showed the potential for contaminant migration 
of heavy metals based on advective flow, however it did not consider the potential effects of 
sorption or decay. . It was recommended in this report that future studies concentrate on long-
term groundwater chemistry and migration by installing new wells and sampling immediately 
after a rainfall event (Coffey Partners International, 1996). Yassini’s (2004) study focussed 
on the processes governing mobilisation of heavy metals in the groundwater following a 
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rainfall event. His study concluded that Zn concentrations are above ANZECC (2000) 
guidelines in the aquifer directly below copper slag emplacements following a rainfall event. 
Studies have also focused on the migration of nitrogen species to Lake Illawarra via surface 
runoff from the PKGC. Nitrogen species most likely to cause the macro algal blooms in Lake 
Illawarra include nitrate and ammonia. Previous studies have found that high concentrations 
of ammonia nitrogen were present in drains entering Lake Illawarra (Forbes Rigby, 1998, 
cited in Montgomery, 2004). Furthermore, nitrate in the dams on the PKGC have had 
concentrations up to 900 mg/L during dry weather periods (WCC, 1992). During wet periods 
nitrate concentrations in these dams decreased significantly, indicating potential transport via 
surface runoff to stormwater drains that discharge into Lake Illawarra (WCC, 1992; DLWC, 
1999, cited in Montgomery, 2004). 
Research of the Windang Peninsula has subsequently shifted away from heavy metals and 
surface water migration of nitrogen, towards the migration of groundwater nitrogen to Lake 
Illawarra. Montgomery (2004) focussed on ammonium-nitrogen contaminant migration in the 
dune-sands aquifer and concluded that the plume was moving in an east to west direction at 
an average rate of 22 m/y. Analysis of ammonia nitrogen indicated that dispersion drives 
migration laterally as well as vertically downwards (Montgomery, 2004). Yassini and Robson 
(2005) identified the possible sources of the elevated ammonia in the contaminant plume 
below the PKGC. Using isotopic signatures, nitrogen contribution to the aquifer was linked to 
nearby night soil deposits (Figure 2) and not from the fertilisers used by the PKGC. 
1.4 AIMS AND OBJECTIVES 
The aims of this project were to measure nitrogen concentrations in the Windang Sandy 
Aquifer to assess the potential causes and extent of nitrogen pollution, with a focus on trying 
to identify the extent of ammonia within the aquifer. Past studies identified a range of 
potential contaminant sources yet recent isotopic evidence suggests that the majority of the 
nitrogen comes from night soil deposits to the east of the site (Yassini and Robson, 2005). 
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Figure 2: Aerial photograph showing the history of waste disposal at Primbee, New South Wales 
(Wollongong City Council, 2015) 
 
Given the past data and studies regarding nitrogen in the Windang Sandy Aquifer, the present 
study was designed to achieve the following: 
 Determine and identify any groundwater contamination and migration from the old 
night soil deposits in the dunes east of the Port Kembla Golf Course; 
 Identify the spatial distribution of the ammonia rich plume in the Windang Peninsula, 
including both the north-south/east-west extent and the vertical distribution; 
 Identify any potential nutrient transport into the lake; 
 Attribute the transport of contaminants to factors influencing the biogeochemistry of 
nutrients; 
 Based on investigations of the aquifer, determining if future monitoring of the site is 
necessary; 
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 Reconstruct the lithostratigraphy of the Windang dune-sands aquifer via grain-size 
analysis; 
 Determine both the vertical and horizontal flow rates at the lakes edge. 
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2 LITERATURE REVIEW 
2.1 INTRODUCTION 
This section outlines the current literature surrounding the issues of nutrient pollution in 
groundwater and their potential impacts on the coastal zone. The literature review is aimed at 
developing an understanding of groundwater migration in an unconfined sandy aquifer 
(Sections 2.2 and 2.4), the effects of nitrogen loads on estuaries (Section 2.3), and the 
methodologies applicable to assessing contaminant migration (Section 2.5). 
2.2 GROUNDWATER MIGRATION AND BARRIER LAGOONS 
The Windang Peninsula consists of unconsolidated and unconfined Quaternary dune-sands to 
a maximum depth of 30 m overlying Permian Broughton Formation volcanic sandstones 
(Coffey Partners International, 1996). Groundwater hydrology in an unconfined sandy barrier 
setting usually develops a fresh-water lens. Here precipitation infiltrates the barrier and is 
maintained above a higher density salt water wedge (Ritzi et al., 2001; Hodgkinson et al., 
2007). If lagoonal water level is at mean sea-level, then freshwater will migrate laterally to 
the orientation of the dune-barrier (Schneider and Kruse, 2005; Hodgkinson et al., 2007). On 
the western side of the Windang Peninsula barrier ridge, groundwater migration trends 
laterally in a westward direction towards the lagoon (Coffey Partners International, 1996; 
Yassini, 2004). An idealised cross-section of the Windang Peninsula has been proposed by 
Yassini (2004) depicting the density separation of the freshwater aquifer and the underlying 
saline lake and oceanic groundwater’s (Figure 3). 
Groundwater migration can be estimated using the Darcy equation: 
𝑉 = 𝐾𝑖/𝑛   
Where 𝑉 is the seepage velocity, 𝐾 is the hydraulic conductivity of the aquifer, 𝑖 is the water 
table gradient and 𝑛 is the porosity. Hydraulic conductivity and migration in the Windang 
Peninsula freshwater lens have previously been measured using a series of slug tests (Coffey 
Partners International, 1996) and standing water level gradients (Doran, 2002; Montgomery, 
2004). Estimated groundwater migration rates vary from a minimum of 7.65 m/year to a 
maximum of 62.05 m/year (Coffey Partners International, 1994). These rates are consistent 
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with small hydraulic gradients associated with typical low-lying sand-barrier aquifers 
(Hodgkinson et al., 2007). Groundwater contaminant migration and mobilisation will be 
discussed further in Section 2.5. 
 
Figure 3: Idealised east-west cross-section depicting the stratigraphic units and density 
separation of the Windang Peninsula dune-barrier aquifer system (Source: Yassini, 2004, pp 268). 
2.3 ISSUES WITH NUTRIENTS AND TRACE ELEMENTS IN WATER 
BODIES 
The input of excessive nutrients (nutrient loading) to aquatic ecosystems is a key factor 
influencing the behaviour of the system as ineffective controls on nitrogen and phosphorus 
loading can lead to nutrient enrichment or eutrophication. Eutrophication affects the overall 
food-chain response of aquatic systems and often results in increased organic matter (Nixon, 
1995), usually caused by enhanced biomass of particular species such as phytoplankton and 
macroalgae. Increased biomass can alter the competition between species causing anoxic 
conditions which may lead to decreased diversity and redox changes (Livingston, 2000). The 
effect of nutrients in an aquatic ecosystem varies distinctly between systems due to the 
complex chemical and biological interactions between nutrient loading and the 
biogeochemical responses. Nutrient loading can be expressed in terms of the total inputs of 
chemical elements, (including organic or inorganic forms), such as carbon, nitrogen 
(dissolved inorganic nitrogen (DIN) and dissolved organic nitrogen (DON)) and phosphorus 
to a system (Livingston, 2000). The need to classify aquatic ecosystems based on their 
vulnerabilities to specific nutrient loads is an area that has received considerable attention 
over the past 3-4 decades (Howarth and Marino, 2006). 
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2.3.1 Nitrogen and Phosphorus as limiting nutrients 
The type of nutrient of most concern to marine ecosystems can directly relate to the nutrient 
that is limiting in that system. The term ‘limiting nutrient’ is not transparent, with definitions 
changing as knowledge on the topic develops (Kitsiou and Karydis, 2011). The definition of 
‘limiting nutrient’ used here, describes the nutrient, generally N or P, that limits the rate of 
net primary production in a system (Howarth, 1988). When a limiting nutrient is supplied to 
the system in excessive amounts (usually due to anthropogenic effluent/additions) the 
primary production of the system increases. Two types of limiting systems exist for aquatic 
ecosystems – nitrogen limited (N-limited) and phosphorus limited (P-limited) – although 
systems may vary in their limiting condition depending on factors such as changed human 
activity and season. 
Coastal saline ecosystems in the temperate zone are usually N-limited whilst freshwater 
bodies are generally P-limited (Howarth and Marino, 2006). The behaviour of N-limited 
systems and the effects of nutrient enrichment on eutrophication will be discussed below. 
2.3.2 Effects of nutrient loads in N-limited systems 
Excess nutrient loading on N-limited temperate estuaries can have complex consequences 
varying from system to system. Eutrophication can be defined as the addition of nutrients (N 
and P) to a water body, leading to increased organic matter due to, for example, growth rate 
of algae and other plant life that subsequently results in alterations to organism structure, 
function and stability (Anderson et al., 2006). Eutrophication can generate food-chain 
responses, favouring one species over another which has the potential to decrease the overall 
diversity in an estuary (Howarth and Marino, 2006). This can be related to or caused by, 
increases in the biomass of plants and animals, turbidity, sedimentation and anoxic conditions 
(Nemerow, 1991). As nutrients are added, the trophic status of lakes can change from 
pristine, oligotrophic to mesotrophic and finally eutrophic. The full effects of nutrient loading 
on coastal water bodies still needs clarification, thus there is a need for further study on 
nutrient loads on N-limited systems in marine estuaries (Howarth and Marino, 2006). 
Coastal lagoons in temperate regions are generally N-limited. Temperate lagoonal systems 
with a large surface area and generally shallow depth exhibit primary production dominance 
by seagrasses, macroalgae and microalgae (Sand-Jensen and Borum, 1991). Nitrogen inputs 
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can lead to shifts in primary producers from seagrasses, to macroalgae to phytoplankton 
(Tyler and McGlathery, 2003). Lake Illawarra is an N-limited coastal lagoon with a large 
surface area and shallow depth. The lake has seen both phytoplankton and algal blooms in 
recent decades caused by excessive nutrient loading (Morrison and West, 2004b). The lake 
experiences high nutrient loading leading to water quality parameters (e.g. Chlorophyll a or b, 
DIN, DIP) which exceed ANZECC guidelines during rainfall events (Morrison and West, 
2004b). Nutrient loading has caused periodic eutrophication and anoxic conditions in Lake 
Illawarra estuary and as such, has had a negative influence on benthic seagrasses. The current 
trophic status of Lake Illawarra is considered to be mesotrophic (Wilson, 2004). Any inputs 
of nitrogen into Lake Illawarra must therefore be accounted for and where possible, 
quantified to provide more substantial estimate of both sources and sinks of nitrogen. 
2.3.3 Nitrogen Speciation 
Nitrogen speciation occurs through a variety of processes in a coastal estuarine setting. These 
processes make up the complex nitrogen cycle that is specific to each ecosystem. The main 
processes controlling speciation in estuaries include nitrification, denitrification, N-fixation, 
mineralisation and assimilation (Figure 4; Blackburn, 1993; Howarth and Marino, 2006; 
Mook, 2006). The major products associated with these processes which hold importance to 
nutrient uptake in the biosphere include NH3, NO3
¯ and NO2
¯. 
Nitrification is the bio-oxidation of ammonia by autotrophic organisms to produce nitrate. 
Nitrification can be summarised by the following reaction: 
NH4+  NO2¯  NO3¯ 
Denitrification is a bacterially mediated reduction of inorganic nitrogen to N2 gas through a 
series of intermediate steps as shown in the following sequence: 
NO3¯  NO2¯  NO  N2O  N2 
N-fixation holds importance as it supplies systems with bioavailable nitrogen sources from 
otherwise unavailable atmospheric nitrogen: 
N2  NH4+ 
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N2  NO3¯ 
Mineralisation is the conversion of biologically unusable particulate organic nitrogen back 
into the water column as inorganic bioavailable nitrogen. 
PON  NH4+ 
Assimilation is the uptake of inorganic forms of nitrogen by organic algae to produce amino 
acids and can be represented by the following sequence: 
NO3¯  NH3  Amino Acids 
 
Figure 4: Generalised biogeochemical cycling involved in the nitrogen cycle (Source: Orr, 2014). 
 
2.3.4 Isotopic Nitrogen Tracers 
Isotopic nitrogen analysis is an effective means by which the sources of nitrogen can be 
determined. Sources of nitrogen such as fertiliser or septic effluent have distinct isotopic 
signatures and can be traced (Kendall, 1998; Karr et al., 2002; Kendall et al., 2007). Nitrogen 
loading poses a threat to aquatic ecosystems and, as such, effective tracking of its origin is an 
important means by which the load may be reduced or controlled. However, non-point 
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sources of nitrogen or nitrate can complicate the issue of identifying and isolating point 
sources (Lehman et al., 2015). Fractionation of isotopes that occurs throughout the steps of a 
chemical reaction makes identifying isotopic signatures to point sources highly dependent on 
the environmental processes at each step of the reaction sequence (Kendall et al., 2007). The 
processes that cause fractionation and affect N isotopic compositions include N-fixation, 
assimilation, mineralisation, nitrification, volatilisation, sorption/desorption and 
denitrification (Mook, 2006, Kendall et al., 2007). 
Isotopic concentrations are usually expressed in relation to the relative abundance of the 
heavy isotope (15N) to the light isotope (14N). Nitrogen isotopes are generally reported as 
15N. The equation used to denote isotopic relative abundance can be expressed by the 
following equation: 
𝛅 (‰) = (
𝑹𝒔𝒂𝒎𝒑𝒍𝒆
𝑹𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅
 − 𝟏)  ×  𝟏𝟎𝟎𝟎 
Where R is the ratio of heavy to light isotopes, Rsample is the ratio in the sample whilst 
Rstandard is the ratio for a known standard (Sulzman, 2007). 
The most effective means by which nitrogen sources can be traced includes a multi-tracer 
approach, such as, measuring 15N in conjunction with either 13C, 34S or 18O. The vast 
array of mixing and cycling of nitrogen causes different rates of fractionation between 
species. Subsequently isotopic ratios require a more in-depth isotopic tracer analysis to track 
the sources of contamination (Kendall et al., 2007; Lehman et al., 2015). Specific to 
groundwater studies, differentiations between the sources of nitrate can be easily identifiable 
using only 15N/14N ratios if the aquifer is of sandy origin and well oxygenated (Kendall et al., 
2007). However, in terms of septic effluent tracing, it can be difficult to distinguish these 
from animal waste due to overlapping isotopic signatures (Kendall et al., 1998). Figure 5 
outlines generalised 15N and 18O signatures of various sources of both the natural and 
anthropogenic inputs of N. 
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2.4 TRIGGERS FOR MOBILISING NUTRIENTS 
2.4.1 Nitrogen species in groundwater 
Nitrogen species exist in groundwater predominately as nitrate. Nitrate species are very stable 
in oxidised ORP conditions and are not susceptible to excessive nitrification or denitrification 
processes in an aquifer (Hatch et al., 2002). Biological nitrification at the surface facilitates 
the conversion of NH3 to NO2
¯, then finally to NO3
¯. The high proportion of nitrate in 
groundwater is not only due to nitrification at the surface, but also the soluble nature of 
nitrate makes it readily susceptible to leaching (Nolan, 1999). Similarly, nitrate is present in 
much greater quantities than NH4
+ because of the negative charge, rendering it less 
susceptible to sorption on clay materials at the surface (Hatch et al., 2002). Nitrite is less 
commonly found in aquifers due to its short half-life, as it is generally only an intermediate 
product of nitrification and denitrification (Hatch et al., 2002). NO2
¯ has been known to 
persist in aquifers, commonly in the presence of a high concentration of NO3
¯ and a pH of 
greater than 7.5. In terms of NH4
+, susceptibility to leaching is kept low by the positive 
oxidation state of both the species and the aquifer. This facilitates adsorption of ammonia at 
the soil surface with negatively charged clays or soil organic matter. Only when aquifers 
exhibit reduced ORP conditions is ammonia observed in large quantities. 
2.4.2 Mobilisation of contaminant deposits 
Mobilisation of contaminant deposits to the surrounding aquifer is highly dependent on the 
type of deposit and the nutrients in question. Nutrient mobilisation in deposited waste can 
become mobilised following a rainfall event when the waste is situated above the water table 
(McDowell, 2002). Two types of reactions can take place to mobilize the waste; detachment 
and dissolution. Detachment includes physical removal of contaminant ions from soil 
particles, usually via the process of flowing water (Nash et al., 2003). Dissolution is the 
process of separating compounds into transportable ions in solution. Dissolution is highly 
dependent on the solubility of the contaminant, its potential for sorption and the residence 
time (Nash et al., 2003). 
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Figure 5: Isotopic ranges of N and O from various sources. Sourced from Kendall et al. (2007). 
 
With regards to septic deposits rich in reactive N (Nr), dissolution is a particularly important 
process when considering the solubility of NO3
¯. In an unconfined sandy aquifer where 
percolation is high, dissolution following a rainfall event allows the transfer of contaminants 
from above the water table, into groundwater flow. Specifically at the Windang Peninsula, 
anecdotal evidence has identified the presence of night soil deposits with potential for 
leaching into the sandy aquifer following a rainfall event (Yassini and Robson, 2005). Thus, 
the importance of fluctuations in the water table following a rain event in determining the 
point sources of NO3
¯ contaminants in the Windang Sandy Aquifer cannot be underestimated 
(Doran, 2002; Montgomery, 2004). 
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2.5 METHODOLOGIES FOR ASSESSING CONTAMINANT 
MIGRATION IN GROUNDWATER 
Contaminant migration in sandy aquifers is usually assessed by the use of groundwater 
monitoring piezometers. Monitoring piezometers, in conjunction with sampling, are useful in 
identifying a snapshot of the groundwater in an area of interest. However, differences in 
modelling groundwater migration extents and rates can vary depending on the hydrogeology 
of the site. Assessing the extent to which contaminants are transported in a porous medium 
requires accurate analysis of the aquifers permeability, morphological parameters of soils and 
pollution concentrations (Fried, 1975). Before establishing a sampling regime, it is necessary 
to carefully consider the sampling locations and species of interest. 
2.5.1 Techniques for modelling contaminant migration 
Conventional models used to measure contaminant migration are governed by two modes of 
transport; advection and dispersion (Soliman et al., 1998). Advection is the transport of a 
solute at the same speed as groundwater flow and can be measured by the following equation: 
Fc = q * c 
where  Fc = the mass flux (M/T/L
2) 
 q = average pore water velocity (L/T) 
 c = concentration (M/L3) 
Dispersion refers to the molecular diffusion which facilitates the mixing and spreading of a 
solute within pore spaces in both X and Y direction (Soliman et al., 1998). The longitudinal 
and transverse spread can be measured by the following equations 
Fx = -DL 
∂c
∂x
 
and 
 Fy = -DT 
∂c
∂y
 
where Fx = the dispersive flux in x direction (M/T/L
2) 
 Fy = the dispersive flux in y direction (M/T/L
2) 
 DL = the dispersion coefficient in longitudinal direction. 
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Techniques to measure groundwater contaminant migration are generally assessed using 
computer based modelling. Plume flow can be modelled one-dimensionally, steady state or 
by 3D modelling using time-series analysis (Chadwick et al., 2003). A common computer 
modelling program for contaminant migration includes MODFLOW, which was used 
previously by Montgomery (2004) to derive the rate of contaminant migration in the 
Windang Sandy Aquifer. It is important to note that groundwater models are complex in 
nature and draw on a number of disciplines, such as hydrology, geochemistry and 
biochemistry (Chadwick et al., 2003). 
2.5.2 Previous contaminant migration studies in the Windang Sandy Aquifer 
Contamination of the Windang Sandy Aquifer has been analysed over the past two decades 
using a variety of methodologies to isolate the different contaminants and their migration. 
Groundwater and contaminant migration has been measured using a series of scattered 
boreholes in the Windang Peninsula to identify the lateral extensions of the plume. Both 
nitrogen and trace metal concentrations have been the major topic areas in a series of studies 
in the Windang Peninsula. Coffey Partners International (1996) assumed that advective 
processes governed elevated levels of heavy metal migration within the aquifer pore spaces. 
It was identified in this report that heavy metal migration rates towards the lake from copper 
slag deposits varied from 13.7 m/year to 68.4 m/year, dependent on rainfall. These studies 
show that concentrations of metals within the aquifer exceed ANZECC (2000) guidelines. 
Nitrogen migration within and above the aquifer was modelled by Doran (2002) and 
Montgomery (2004). Boreholes, storm water drains and dams in the Windang Peninsula were 
monitored to identify the concentration of nitrogen in and above the Windang Sandy Aquifer. 
The major N species identified in the aquifer include NOx and NH4. ANZECC guideline 
exceedance was shown to exist in boreholes located down gradient from the night soil 
deposits. No studies as of yet have attempted to locate the north-south and east-west extent of 
the ammonia plume. 
2.6 CONCLUSIONS 
Nitrogen and forms of Nr inputs are important for coastal marine ecosystems and in particular 
coastal estuaries. They provide a means by which algal growth is controlled and regulated in 
N-limited systems. Any increased inputs of Nr to a coastal body will subsequently increase 
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the prominence of eutrophication and reduce species biodiversity. Many techniques exist to 
delineate the migration of groundwater. Groundwater contaminant migration within a sandy 
aquifer is highly dependent on aquifer variables such as ORP and dissolved oxygen which 
can promote the mobility of certain nitrogen species over others. Therefore, when identifying 
the degree of contamination in aquifers, it is necessary to understand and evaluate the 
biogeochemical cycling of the contaminant of interest.  
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3 METHODS 
3.1 INTRODUCTION 
The following section describes the methods by which the aims of the study were addressed. 
More specifically, well construction and development, coring, groundwater monitoring and 
sampling are described to ensure the authenticity and reproducibility of the project. 
3.2 PIEZOMETER CONSTRUCTION 
Groundwater in the Windang dune-sands aquifer was monitored by drilling 3 boreholes at 
differing depths (4, 8 and 12 m) at four monitoring locations. Monitoring locations were 
chosen in a transect line most suitable to the direction of groundwater flow and proximity to 
potential contaminants (Figure 6). Wireline rotary sonic was used to drill the holes to the 
required depth. Bentonite drilling muds were used to ensure hole stability, adequate returns of 
sand and no ingress of drill water into the adjacent aquifer. 
 
Figure 6: Map showing the location of the borehole monitoring wells. WP1-WP4 are wells drilled 
specifically for this project. BH10 and BH4 are pre-existing wells used in previous monitoring 
projects. 
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PVC class 12 casings of a 50 mm diameter were cut to size and placed in the pre-drilled 
annulus. The filtered slotted section was machine cut and installed with a filter sock from 0.5 
m to 1.5 m above the base of the PVC pipe (the target aquifer). Once drilling was complete, 
the PVC pipe was installed at the target depth. Gravel packs were used at 0.5 to 1 m from the 
base of the slotted section inside the pre-drilled annulus to guarantee adequate filtering of 
incoming water and to reduce the movement of fine sands towards the well. Cement was 
pumped into the drilled annulus directly above the gravel section to seal and ensure no 
ingress of water away from the target aquifer. A mix of concrete and quick-set cement was 
used to secure the lockable cap to the drilled hole at ground level to reduce the risk of water 
ingress to the well during floods. The steel monument was raised at around 0.5 to 1 m above 
ground level. Well locations were surveyed using Real Time Kinematics and were referenced 
to GDA94. The wells were capped and locked to ensure their authenticity. 
 
Figure 7: Schematic diagram showing the construction layout of a piezometer. This method was 
adopted for bore construction at the Windang Peninsula. 
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Drilling was initially planned to occur on the PKGC property, however at the conclusion of a 
two month negotiation period PKGC management denied access to the property. At this point 
the Wollongong City Council and the Illawarra Aboriginal Corporation were engaged and 
from there drilling approval was granted for locations surrounding the PKGC. Dial-Before-
You-Dig was utilised to ensure that no subsurface infrastructure would be damaged in the 
drilling process. Piezometer construction occurred over the course of a month with 
approximately 120 hours spent on the drilling and coring process alone. The over two month 
time delay associated with both the drilling and approval process meant that only two full 
sample rounds were completed within the designated study period.  
3.3 WELL DEVELOPMENT 
Well development was conducted using the over-pumping method (Boulding, 1993). This 
method was used to clear the well from existing fines, sand particles and bentonite and to 
draw water into the well from the adjacent aquifer. Over-pumping was repeated until pumped 
well water produced a clear, bentonite and sand free mix consistent with naturally filtered 
groundwater. Where difficulty with recharge occurred, the surge method was used to pump 
water back into the aquifer to free up the slotted screen and to filter any potential bentonite 
clogging.  
3.4 SONIC DRILL CORING 
3.4.1 Core Collection 
Core samples were collected using two techniques; rotary sonic wire line coring and sonic 
pre-coring. Cores were collected from the 12 metre holes only. In this sedimentary 
environment, the 12 m cores are representative of the four and eight metre holes. Rotary 
sonic coring was conducted for core collection at sites WP1-12 and WP3-12, whilst sonic 
pre-coring was used for WP2-12 and WP4-12. Rotary sonic coring involves the placement of 
1.5 metre PVC tube sampler into the sampler battery, which is located in the first 2.4 m of the 
drill stem. The sample barrel and the drill stem are both fitted with tungsten cutter tips. This 
complete unit allows the substrate to be sampled simultaneously to drilling. Bentonite fluid 
mixtures were used to create a denser, higher viscosity mud mixture which would support the 
delicate hole walls. Cores were retained in the sample barrel both mechanically via a plastic 
core catcher and by using vacuum created with a check valve at the top end of the sampler. 
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Core yields were not maximised using sonic wire line coring (Appendix H) and as such the 
coring method was changed to sonic pre-coring. 
Sonic pre-coring was used as an alternate measure to sonic wireline coring at sites WP2-12 
and WP4-12. This method was different to sonic wireline coring in that the sampler barrel 
was connected to the drill via a separate set of drilling rods which were advanced inside the 
outer drill casing. The sampler barrel advanced 1.5 m ahead of the drill casing stem using 
direct connection to the sonic vibration generator on the drilling machine. Improvements in 
returns were seen immediately after the adoption of the sonic pre-coring method. 
3.4.2 Grain-size analysis 
Core samples were collected at 1.5 metre intervals and recovered core was very close to this 
length. 12 cm of core was discarded per sample from the drilling bit. Cores were then kept 
refrigerated until stratigraphic identification and grain size analysis could be completed. 
Grain sizes were analysed using the Malvern Mastersizer 2000. 
3.5 GROUNDWATER SAMPLING AND MONITORING 
3.5.1 Groundwater Sample Collection, Storage, Preservation and Analysis 
3.5.1.1 Sample Collection 
Samples were collected over the course of a one day period to provide a snapshot of the 
contaminant plume and to identify any trends in the freshwater lens, and the saltwater wedge. 
The groundwater well sets that were sampled include WP1, WP2, WP3 and WP4 (Figure 6). 
Existing wells located in close proximity to the newly drilled wells were included in the 
sampling regime and these include BH10 and BH4. It is important to note that no 
rehabilitation was required before sampling of any pre-existing wells. One well volume was 
purged prior to sampling using the below method. 
Prior to groundwater sampling, newly drilled wells were completely purged using the over-
pumping method via a centrifugal submersible pump. This was to ensure that any 
groundwater influx was representative of the target aquifer. Purged water was monitored 
using parameters such as pH, electrical conductivity (EC), dissolved oxygen (DO) and 
oxidation-reduction potential (ORP). Once parameters had stabilised, wells were sampled. 
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Samples were collected using a 12 V centrifugal submersible pump. All samples were field 
filtered using a 0.45 µm filter to ensure that samples represented the dissolved and mobile 
portion of aquifer. 
3.5.1.2 Sample Storage and Preservation 
Samples were stored in high-density polyurethane (HDPE) sample containers and 
preservation methods were dependent on the analyte of interest (Table 1). Samples were kept 
on ice for the transportation in accordance with chain of custody (COC) conditions. Sample 
bottles were then sent to the Australian Laboratory Services (ALS) laboratory (a NATA 
registered laboratory) in Sydney via courier service. Quality assurance control involved the 
preparation of both a field blank and field duplicate sample to determine any potential modes 
of contamination. The field blank and field duplicate were collected once over the course of 
the study and this was during the Rain Event Sample round. The location of the field blank 
was WP4 whilst the field duplicate was taken from WP4-8 and they were named BH17 and 
BH16 respectively to conceal their identity. 
 
Table 1: Analyte of interest, the preservative used and the storage containers adopted for sample 
transport 
. 
Analyte Preservation Sample Container 
NO2
- and NO3
- Nil 250 mL HDPE 
S2- Zn(OAc)2 and NaOH 125 mL HDPE 
NOx, NH3 or TKN HsSO4 60 mL HDPE 
Cd, Cu, Zn, Pb, Fe HNO3 60 mL HDPE 
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3.5.1.3 Sample Analysis 
Sample analysis was conducted by ALS using various analytical techniques that were 
dependent on the compound in question. The NATA accreditation involves a routine suite of 
internal quality assurance control. Methods for analysis include Inductively Coupled Plasma 
Mass Spectrometry (ICP-MS), Turbidimetric Analysis and Discrete Analyser. The methods 
that are applicable to each analyte has been summarised in Table 2. 
 
Table 2: Mode of analysis for the different type of analyte’s measured by ALS 
Mode of Analysis Analyte 
ICP-MS Cd, Cu, Pb, Zn, Fe 
Turbidimetric Analysis Sulfate as SO42- 
Discrete Analyser NH3-N, NO2
- -N, NO3-N, NOx-N, TKN-N 
   
3.5.2 Groundwater Monitoring 
3.5.2.1 Slug Test 
In order to estimate both the horizontal and vertical advection rate, the hydraulic conductivity 
of the barrier sands had to be estimated. Slug tests were conducted at three different depths at 
WP4. With regards to water level monitoring, WP4-4 was assumed to have a density of 
freshwater whilst WP4-8 and WP4-12 were assumed to have a density of saline water. Water 
from the well was displaced using a capped bailer. The timing of the HOBO U20 Water 
Level Logger was set to a 1 second interval to record fluctuations of the static water level 
during the displacement. Hydraulic conductivity was then calculated using both the rising and 
falling head tests. The Hvorslev (1951) method was used to calculate the hydraulic 
conductivity (K) for the aquifer: 
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K = 
𝑟2 ln(𝐿/𝑟)
2 𝐿 𝑡0
 
Where:  K = Hydraulic Conductivity 
  r2 = radius of the bore screen 
  L = length of bore screen below the water table 
  t0 = the lag time, determined from change in static water level after 
displacement. 
 
3.5.2.2 Horizontal and Vertical Flow 
Static water level (SWL) and temperature were monitored in WP1-12 and WP4-12 from the 
31/08/2015 to the 10/10/2015 using the HOBO U20 Water Level Logger. The HOBO U20 
Water Level Logger uses both manual SWL measurements and barometric pressure 
compensation as a means of logging SWL at the selected time interval. Water levels were 
determined via the barometric compensation method, whereby the manually measured SWL 
was used as a reference to compensate the pressure readings. WP1-12 was assumed to have a 
freshwater density whilst WP4-12 was assumed to have a saline density. The time interval for 
water level monitoring was 30 minutes and data was referenced against nearby water level 
data from Cudgeree Bay to show the effect of the tide on the rate of horizontal flow. 
Horizontal flow was calculated using the SWL’s to calculate hydraulic gradient for use in 
Darcy’s Law: 
−
𝑸
𝒘
=  −𝑲𝒃 
𝒅𝒉
𝒅𝒍
 
Where:  Q = discharge 
  w = width of the shoreline 
  K = hydraulic conductivity 
  b = aquifer thickness 
  dh/dl = hydraulic gradient 
The nature of flow within the aquifer will be determined both vertically and horizontally 
using the above equation. Slug test results are used to derive the hydraulic conductivity of the 
Windang Sandy aquifer. From this, a classification of the aquifer will be made in terms of 
isotropic or anisotropic composition.   
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4 RESULTS 
4.1 INTRODUCTION 
This section will present the results of the project and concentrate primarily on their 
quantitative output. Results of each section will be summarised below and these include the 
analysis of core samples, groundwater samples, associated parameters, slug test results and 
horizontal and vertical flow rates. 
4.2 CORE ANALYSIS 
Cores were analysed from the low beach ridge section of Windang Peninsula with a 
maximum starting elevation of 2 m above sea-level. Stratigraphic units were mapped and 
described with reference to the Australian Height Datum (AHD). Where cored sections are 
missing due to a loss of returns, the lower-most portion of the returned core is assumed to be 
representative of the lost section. Coring was discontinued if cores reached either bedrock or 
the maximum depth of the well (12.5 m). All stratigraphic logs and grain-size analysis were 
carried out with close reference to the U.S. Department of Agriculture “Field-Book for 
Describing and Sampling Soils” (U.S. Department of Agriculture, 2012). This section 
introduces a basic description of the lithology of the cored sites which is complemented by 
grain-size analysis whilst the discussion section will show how these results represent the 
environment and history of deposition. 
4.2.1 Lithology and Grain-size distribution 
The lithology of all cored sections is descriptive and where possible quantified using grain 
size analysis. Grain-size highlights the distinctions between stratigraphic units in a sand-
dominated matrix. Results show that similar units exist between sites and differ only in 
elevation. WP4, located on the foreshore of the lake, has a more complex lithology in 
comparison to those located closer to the ridge of the Windang Barrier. As shown in Figure 8, 
a number of different stratigraphic units exist which include topsoil deposits, reworked 
barrier sands, estuarine deposits and barrier sands. 
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Figure 8: Stratigraphic column of the different units, grain size and environment of deposition 
versus depth at WP4. 
 
4.2.2 Topsoil Deposits 
The uppermost layer at sites WP1 to WP4 consists of a fine- to very fine-grained, poorly to 
very poorly sorted sandy silt to silty sand with trace amounts of clay. Topsoil deposits are 
thickest at WP4 at 0.63 m whilst mean thickness across all sites is 0.43 m. This layer is rich 
in soil organic matter with minor terrestrial plant content and vertical root networks located 
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near to the surface. Topsoil deposits differ distinctly from both the reworked barrier sands 
and barrier sands by the presence of loose compaction and a uniform, high silt content of 
between 15-60%, consistent with organic-rich soil formation. 
4.2.3 Reworked Barrier Sands 
Immediately below the topsoil deposits at sites WP1, WP2 and WP3 is a layer consisting of 
fine to medium grained, poorly sorted silty sand with trace clay. This layer is of varying 
thickness and is distinguished from the above topsoil layer by an abrupt increase in sand 
content to 85-90% and a decrease in silt and clay. This sequence slightly coarsens downwards 
with few organic zones which are located on average in the upper 0.85 m of this section. A 
distinct boundary exists between the silty sand section and the barrier sands unit located 
directly below. 
WP4 consists of alternating sequences of both fine- to very fine-grained very poorly sorted 
silty sands, with trace amounts of clay and coarse sand grains, and very poorly sorted sandy 
silt with traces of clay (Appendix E; Table 19). Distinct boundaries dividing pale grey sand 
from organic-rich sandy silt units are evident from 0.63 m to -0.87 m (AHD). Grain size 
analysis shows that the silt content reaches as high as 56% in the organic-rich portion of this 
section. Throughout the sandy sequence, common black organic zones are evident (Appendix 
L) and assumed to have a grain-size similar to the organic portion of this section. The organic 
portion contains a few grey sandy zones in an organic-rich matrix. 
4.2.4 Estuarine Marine Deposits 
At WP3 and WP4 cores the estuarine-marine deposits consist of a sequence of dark grey, 
medium-grained, poorly sorted silty sand with a trace of clay. A distinct boundary occurs 
between this unit and both the upper and lower boundaries and is evident by decreases in 
percent sand to 85% and mild increases in both silt and clay. The starting depth of this section 
is -3.97 m (AHD) at WP4. Loss of core at WP3 has meant that the starting depth of the 
estuarine marine deposits at this location is unknown. Estuarine marine deposits are 
characterised by an abundance of both common disarticulate large shells and shell fragments. 
Anadara trapezia are common with a mean diameter of 6 cm whilst smaller shell fragments 
are 2-3 mm in diameter. Amino acid racemisation dating for these species was done on 
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recovered shells at WP4, WP3 and WP2. The age of shelly material will be made in reference 
to dates determined by Sloss (2005) in lake cores immediately westward of the study site. 
4.2.5 Barrier Sands 
Barrier sands consist of medium- to coarse-grained, moderately to poorly sorted sand. This 
unit has variable grain-size trends with depth and is distinguishable from the above layer by a 
sharp increase to 100% sand content. Grain-size of barrier sands slightly coarsens downwards 
with depth at WP1 and WP3 whilst WP2 slightly fines downwards and WP4 has negligible 
grain-size changes with depth. The lithology of this section is represented by mostly medium-
grained sand with only some sections containing trace silt and clay. Few organic zones in a 
matrix of grey to light grey sands are evident in this section. Interpretations of the 
environment of deposition will be made in Section 5.2. 
4.2.6 Bedrock 
Bedrock was encountered at all sites with the exception of WP2. It is assumed that the 
bedrock consists of sandstones from the Permian Broughton Formation. Here, the drill rods 
could not penetrate the bedrock and as such there were no cores taken from this section. The 
average depth of the bedrock fluctuated from a maximum of -10 m (AHD) at WP4 to a 
minimum depth of -8.5 m (AHD) at WP1. 
4.2.7 Shell Dating 
Average ages derived from amino acid racemisation dating of A. Trapezia show that ages 
differ between locations. The minimum age was at WP3 at ca. 7637 whilst the maximum age 
was at WP4 with ca. 9527. Age interpretations will be made in Section 5.2.1. 
Table 3: Amino Acid Racemization ages of A. Trapezia for the different coring locations. 
Sample name 
UOW 
laboratory ID 
Aspartic 
acid 
Glutamic 
acid Serine Age 
Average 
age Error 
WP4-4 63cm 10618 0.498 0.239 0.699 9527 9527 0 
   0.498 0.239 0.699 9527    
WP3-6 18cm 10623 0.451 0.224 0.628 7637 7656 27 
   0.452 0.226 0.613 7675    
WP2-6 82cm 10624 - - - -     
    0.474 0.222 0.396 8536     
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4.3 GROUNDWATER QUALITY 
4.3.1 Quality Control 
4.3.1.1 Field Duplicate 
During the rain event sample round, a field blank and a field duplicate were collected for 
external quality control analysis and sent to ALS. The results have been included in Table 10 
and BH16 is a field duplicate of WP4-8 whilst BH17 is a field blank. The analytes included 
in the quality control include ammonia, nitrite, nitrate and TKN. Ammonia detected in the 
field duplicate was 2.07 mg/L which was 0.03 mg/L or 1.46% greater than the field sample of 
2.04 mg/L. TKN in the field duplicate measured 1.9 mg/L which was 1 mg/L or 41.67% 
below the field sample (2.9 mg/L). All other analytes were below the limit of reporting 
(LOR) for both WP4-12 and the field duplicate (BH16).  
4.3.1.2 Field Blank 
The blank samples were filled with deionised water and analysed by ALS laboratory. Results 
show that detectable analytes were ammonia, nitrate and nitrite plus nitrite with values of 
0.01 mg/L, 0.02 mg/L and 0.02 mg/L respectively. The interpretations of the quality control 
results will be analysed in section 5.3.1 of the discussion section. 
4.3.2 First Round of Sampling 20/07/2015 
4.3.2.1 General Parameters 
Due to technical issues with the filtering of samples, only wells WP1-4 and WP1-12 were 
monitored and sampled during the first sample round. Monitoring and sampling was 
completed on the 20/07/2015 and the data can be found in Table 4 and Table 5. Measured 
ORP values ranged from -8 mV at WP1-4 to -62 mV at WP1-12 resulting in a generally 
reduced aquifer at this site. ORP values increase with depth for this location. EC increased 
with depth from 337 µS/cm to 1079 µS/cm which is consistent with increased salinity with 
depth of 0.15 ppt to 0.52 ppt at WP1-4 and WP1-12 respectively. DO values decreased with 
depth for WP1-4 (8.27 ppm, 82%) to WP1-12 (5.75, 62%). No odour was detected at either 
depth whilst water colouration in both wells was brown/red. 
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4.3.2.2 Nitrogen and Sulfur 
Ammonia levels were significant in both WP1-4 and WP1-12 measuring 0.25 mg/L and 3.22 
mg/L respectively. Ammonia concentrations at WP1 increased with depth. Nitrite levels were 
just detectable within the LOR for the 12 metre target aquifer only, measuring 0.03 mg/L. 
Nitrate levels were detected in the upper 4 m portion (0.01 mg/L) whilst the 12 m section 
measured nitrate below the LOR. Nitrate + Nitrite (NOx) increased with depth at WP1, 
measuring 0.01 mg/L and 0.02 mg/L for the 4 m and 12 m target aquifers respectively. TKN 
values increased with depth with 3.4 mg/L and 1.4 mg/L for the 4 and 12 metre sections, 
respectively. 
Sulfide was not detected within the LOR in both target aquifers at WP1 (<0.1 mg/L). Sulfate 
levels showed a decreasing trend with depth at WP1 with measurements of 24 mg/L and 20 
mg/L for the 4 m and 8 m target aquifers, respectively. 
4.3.2.3 Metal Analysis 
No Cd or Pb was detected within the limit of reporting (LOR) for both WP1-4 and WP1-12. 
WP1-4 indicated no metal contamination within that portion of the aquifer within the LOR. 
WP1-12 showed signs of trace metal concentrations with regards to both Cu and Zn with 
values reported of 0.006 mg/L and 0.020 mg/L respectively. 
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Table 4: Water quality parameters for the boreholes that were sampled during the first round of sampling on the 20/07/2015 
 
WP1-4 WP1-8 WP1-12 WP2-4 WP2-8 WP2-12 WP3-4 WP3-8 WP3-12 WP4-4 WP4-8 WP4-12 BH10 BH4 
Temp 
(oC) 
15.46 - 18.18 - - - - - - - - - - - 
pH 6.24 - 8.44 - - - - - - - - - - - 
EC 
(µS/cm) 
337 - 1079 - - - - - - - - - - - 
ORP 
(mV) 
-62 - -8 - - - - - - - - - - - 
DO 
(ppm) 
8.27 - 5.75 - - - - - - - - - - - 
DO 
(%) 
82.8 - 62.0 - - - - - - - - - - - 
Salinity 
(ppt) 
0.15 - 0.52 - - - - - - - - - - - 
Colour Brown/red - Brown/red - - - - - - - - - - - 
Odour None - None - - - - - - - - - - - 
 Date of Sample: 20/07/2015 
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Table 5: Laboratory results for the boreholes that were sampled on the 20/07/2015 
  LOR Unit WP1-4 
WP1-
8 
WP1-
12 
WP2-4 WP2-8 
WP2-
12 
WP3-4 WP3-8 
WP3-
12 
WP4-4 WP4-8 
WP4-
12 
BH10 BH4 
Sulfate as SO4 1 mg/L 24 - 20 - - - - - - - - - - - 
Cd 0.0001 mg/L <0.0001 - <0.0001 - - - - - - - - - - - 
Cu 0.001 mg/L 0.006 - <0.001 - - - - - - - - - - - 
Pb 0.001 mg/L <0.001 - <0.001 - - - - - - - - - - - 
Zn 0.005 mg/L <0.020 - <0.005 - - - - - - - - - - - 
Fe 0.05 mg/L - - - - - - - - - - - - - - 
Ammonia as N 0.01 mg/L 0.25 - 3.22 - - - - - - - - - - - 
Nitrite as N 0.01 mg/L <0.01 - 0.03 - - - - - - - - - - - 
Nitrate as N 0.01 mg/L 0.01 - <0.01 - - - - - - - - - - - 
Nitrite + 
Nitrate as N 
0.01 mg/L 0.01 - 0.02 - - - - - - - - - - - 
TKN as N 0.1 mg/L 1.4 - 3.4 - - - - - - - - - - - 
Sulfide as S2 0.1 mg/L <0.1 - <0.1 - - - - - - - - - - - 
Date of Sample: 20/07/2015 
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4.3.3 Second Round of Sampling 13/08/2015 
With the exception of WP1-8 which was not sampled, a complete round of sampling occurred 
on the 13/08/2015. Sampling of WP1-8 was abandoned due to the presence of bentonite 
within the well after purging. A more extensive snapshot of the Windang dune-sands aquifer 
can be made based on the comprehensive data set which was collected on this day (Table 6, 
Table 7). 
4.3.3.1 Oxidation-Reduction Potential (ORP) 
All sites except WP4 showed that ORP decreases with increasing depth within the Windang 
dune-sands aquifer. ORP rates of decline fluctuated with each location. WP1 and WP3 ORP 
values decreased at an increasing rate with depth whilst WP2 decreased at a decreasing rate 
with depth. These values indicate that the aquifer is in a reduced state and that the reduced 
nature of the aquifer increases with depth. ORP over the whole aquifer ranged from a 
minimum of -118 mV at WP3-12 to a maximum of 263 mV at WP4-8. WP4 ORP values (209 
mV to 263 mV) indicated an oxidised state for this portion of the aquifer which is located on 
the foreshore of the lake. 
4.3.3.2 Dissolved Oxygen (DO) 
Dissolved oxygen trends with depth are not as distinct as those for ORP mentioned above. 
However, they tend to show a general increase with depth at sites WP1, WP2 and WP3. Site 
WP4 again shows an inverse relationship to other sites with DO increasing with depth. The 
DO maximum occurred at WP2-4 (4.44 ppm) whilst the minimum occurred at WP2-8 (0.75 
ppm). 
4.3.3.3 Electrical Conductivity (EC) 
Electrical conductivity tends to follow a similar pattern across sites WP1, WP2, WP3 and 
WP4. At WP4 EC values reach 8000 µS/cm at 8 m and 12 m which is the maximum limit of 
the multi-parameter probe. EC values should theoretically exceed 8,000 µS/cm due to the 
proximity of the bores to the lakes edge. 
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Table 6: Water quality parameters for the boreholes that were sampled during the second round of sampling on the 13/08/2015. * indicates the 
maximum EC reading of the probe 
 
WP1-4 WP1-8 WP1-12 WP2-4 WP2-8 WP2-12 WP3-4 WP3-8 WP3-12 WP4-4 WP4-8 WP4-12 BH10 BH4 
Temp (oC) 14.88 16.62 16.46 16.08 17.1 17.02 15.44 16.38 16.59 16.23 16.91 18.16 17.07 16.75 
pH 6.25 8.06 7.72 7.2 7.21 8.03 6.1 6.5 8.42 8.55 8.03 7.83 7.4 6.97 
EC (µS/cm) 253 760 1032 857 879 1622 164 251 1448 617 8000* 8000* 2200 1294 
ORP (mV) -10 -12 -22 161 32 -29 35 50 -118 209 263 234 -141 54 
DO (ppm) 4.33 2.05 2.26 4.44 0.75 1.24 1.77 1.6 0.82 2.06 1.94 3.21 4.78 1.21 
DO (%) 42.9 21.2 23.5 45.2 7.9 13 18 16.5 8.5 21.2 27.6 47.9 49.4 13.4 
Salinity (ppt) 0.13 0.4 0.54 0.44 0.45 0.88 0.09 0.12 0.78 0.32 - 57.28 1.21 - 
Colour Brown/red Cloudy/Brown Brown/red 
Dark 
Brown 
Brown/red 
Light 
Brown 
Brown Clear Clear 
Light 
Brown 
Clear Clear 
Red/ 
orange 
Light 
Brown 
Odour None None None None None None Fishy? None None None None None Sulfur None 
Date of Sample: 13/08/2015 
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Table 7: Laboratory results for the boreholes that were sampled on the 13/08/2015 
  LOR Unit WP1-4 
WP1-
8 
WP1-
12 
WP2-4 WP2-8 
WP2-
12 
WP3-4 WP3-8 
WP3-
12 
WP4-4 WP4-8 
WP4-
12 
BH10 BH4 
Sulfate as SO4 1 mg/L 14 - 18 35 62 144 <10 <10 75 5 3330 4020 192 99 
Cd 0.0001 mg/L <0.0001 - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Cu 0.001 mg/L <0.001 - <0.001 0.009 0.002 <0.001 0.003 0.004 <0.001 0.004 0.012 0.010 <0.001 <0.001 
Pb 0.001 mg/L <0.001 - <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.002 <0.001 <0.001 <0.001 <0.001 
Zn 0.005 mg/L 0.052 - 0.026 0.129 0.034 0.023 0.023 0.012 0.008 0.027 <0.005 <0.005 0.012 0.005 
Fe 0.05 mg/L 0.64 - 4.68 3.19 5.41 0.74 1.02 0.68 0.18 0.24 <0.10 <0.10 0.29 9.1 
Ammonia as N 0.01 mg/L 0.25 - 3.02 <0.05 2.17 52.5 0.43 0.31 71.0 4.01 1.95 1.90 66.2 10.2 
Nitrite as N 0.01 mg/L <0.01 - <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 
Nitrate as N 0.01 mg/L 0.04 - 0.05 <0.05 0.06 0.04 0.05 0.06 0.05 0.05 <0.01 0.59 0.09 0.09 
Nitrite + 
Nitrate as N 
0.01 mg/L 0.04 - 0.05 <0.05 0.06 0.04 0.05 0.07 0.05 0.06 <0.01 0.59 0.09 0.09 
TKN as N 0.1 mg/L 1.6 - 3.3 4.4 4.5 56.1 1.5 1.6 75.4 4.7 3.1 3.6 65.7 24.6 
Sulfide as S2 0.1 mg/L 0.2 - <0.1 <0.1 <0.1 <0.1 0.6 0.7 0.3 <0.1 <0.1 <0.1 2.4 <0.1 
 Date of Sample: 13/08/2015 
36 
 
4.3.3.4 Nitrogen 
Ammonia showed increases with depth at WP1, WP2 and WP3. Only WP1-4 and WP1-12 
were sampled at WP1 for this sample round. However, significant ammonia levels are 
evident within the different depths at this site (0.25 mg/L and 3.02 mg/L for the 4 m and 12 m 
depths respectively). At sites WP2 and WP3 ammonia increases exponentially with depth 
whilst at WP4 decreases exponentially with depth. 
Nitrite was only detected above the LOR (< 0.01 mg/L) at WP3-8 and WP4-4 with both 
reading a relatively low concentration of 0.01 mg/L. Nitrate was detectable within most 
aquifers excluding WP2-4 and WP4-8 which were below the LOR detection limit (0.01 
mg/L). The maximum nitrate value was detected at WP4-12 (0.59 mg/L). Nitrate tends to 
increase in concentration within the first 4-8 m for WP2 and WP3 and then decreases with 
depth. Nitrate at WP4 increases with increasing depth. 
TKN values show a similar relationship to ammonia with depth. TKN includes both NH4
+ and 
organic forms of nitrogen and so this trend can be explained when ammonia is the dominant 
form of TKN. The maximum TKN value recorded for the second round of sampling was 75.4 
mg/L at WP3-12. No bores recorded TKN values below the LOR. 
4.3.3.5 Sulfur Species 
The two forms of sulfur which were analysed include sulfate (SO4
2-) and sulfide (S2-). 
Sulfates generally showed an increase in concentration with depth. The highest value was 
measured at WP4-12 (4020 mg/L) and it should be noted that this location and depth 
recorded the highest salinity (57.28 ppt). The lowest sulfate value was below the LOR (<10 
mg/L) and occurred at both WP3-4 and WP3-8. 
Sulfide levels were generally quite low across all sites with values ranging from a maximum 
of 2.4 mg/L at BH10 to a minimum of <0.1 mg/L (LOR). Sulfate and sulfide testing was thus 
abandoned after the second round of sampling. 
4.3.3.6 Metal Concentrations 
Cd was not detectable above the LOR (0.0001 mg/L) for all bores whilst Pb was only 
detected in one bore (WP4-4) at 0.002 mg/L. Cu was detectable in 7 of the bores but only in 
 
 
37 
low concentrations (x̅ = 0.006 mg/L). It was decided that future sampling should include only 
those metals which had significant detectable concentrations in bores (Zn and Fe). Zn tended 
to decrease with increasing depth among the newly drilled bores with a maximum of 0.129 
mg/L (WP2-4) at the 4 m target aquifer. The lowest recorded value of Zn was the LOR 
(<0.005 at WP4-12) in the deeper 12 m section. 
Iron concentrations vary with depth throughout the sample sites. Iron increases with depth 
and then decreases dramatically in wells WP2 and WP3. At WP1, Iron increases with depth 
whilst concentrations at WP4 decrease with depth. Maximum iron concentrations occurred at 
BH4 reading 9.10 mg/L whilst the minimum was below the LOR (<0.10) at both WP4-8 and 
WP4-12. 
Table 8: BH10 and BH4 laboratory results from the second sampling round that was completed on 
the 20/07/2015 
Analyte (mg/L) LOR BH10 BH4 
Sulfate as SO4
2-  1 192 99 
Cd  0.0001 <0.0001 <0.0001 
Cu 0.001 <0.001 <0.001 
Pb 0.001 <0.001 <0.001 
Zn 0.005 0.012 0.005 
Fe 0.05 0.29 9.1 
Ammonia as N 0.01 66.2 10.2 
Nitrite as N 0.01 <0.01 <0.01 
Nitrate as N 0.01 0.09 0.09 
Nitrite + Nitrate as N 0.01 0.09 0.09 
TKN as N 0.1 65.7 24.6 
Sulfide as S2- 0.1 2.4 <0.1 
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4.3.3.7 BH10 and BH4 
Table 8 shows the analytical results for BH10 and BH4 for the second round of sampling 
conducted on the 20/07/2015. BH10 showed high concentrations of ammonia (66.2 mg/L) 
and TKN (65.7 mg/L) whilst nitrite was not detected (<0.01 mg/L). Nitrate was detectable at 
BH10 with a value of 0.09 mg/L. Metals such as Cd, Cu and Pb were undetectable whilst Zn 
and Fe showed detectable concentrations of 0.012 mg/L and 0.29 mg/L respectively at BH10. 
BH4 showed high ammonia concentrations (10.2 mg/L) whilst TKN was much higher at 24.6 
mg/L. This indicates total organic nitrogen of 14.4 mg/L at BH4. Zn and Fe were the only 
detectable metals at BH4 with concentrations of 0.005 mg/L and 9.1 mg/L respectively. Fe 
concentrations at BH4 were the highest detected for all bores during this sample round.  
4.3.4 Rain Event Sampling 27/08/2015 
Rainfall event sampling was conducted immediately after a significant rain event of 
236.4 mm logged over a two-day period in the nearest rain gauge at Blackbutt 
(BOM, 2015). Sampling began two days after the initial downpour of 170.4 mm that 
occurred on the 25/08/2015 to allow for catchment runoff and infiltration to reach 
the Windang aquifer. During this sample period, a field duplicate and field blank 
were collected at BH16 and BH17 respectively. Following this, the general 
observations have been tabulated and are listed below (Table 9, Table 10). ORP was 
not measured during the rain event sample round due to technical issues with the 
probe. 
4.3.4.1 Dissolved Oxygen 
It is clear from the data shown in Table 9 that during the rain event sample round; that there 
is no trend for dissolved oxygen with depth for WP1, WP2 and WP3. DO seems to decrease 
linearly with depth at WP4. Dissolved oxygen concentrations decrease substantially from the 
second sample round with a maximum percent saturation of 8.5 at WP3-8. Mean DO for the 
rain event sample round is 3.8 % (n = 14, SD = 3.05). 
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Table 9: Water quality parameters for all boreholes that were sampled on the 27/08/2015, immediately after a rainfall event. * indicates the maximum 
EC reading of the probe 
  WP1-4 WP1-8 WP1-12 WP2-4 WP2-8 WP2-12 WP3-4 WP3-8 WP3-12 WP4-4 WP4-8 WP4-12 BH10 BH4 
Temp 
(oC) 
15.26 17.22 18.30 16.56 19.29 19.4 16.23 18.08 18.59 17.61 19.22 19.41 19.37 18.84 
pH 5.26 8.20 7.91 7.76 8.16 8.56 6.75 7.57 9.04 8.55 9.39 9.3 8.88 7.77 
EC 
(µS/cm) 
318 858 1051 621 829 1527 201 280 1474 623 8000* 8000* 2474 1303 
ORP 
(mV) 
- - - - - - - - - - - - - - 
DO 
(ppm) 
0.08 0.07 0.09 0.65 0.13 0.44 0.25 0.81 0.26 0.58 0.17 0.08 0.31 1.02 
DO (%) 0.8 0.7 0.9 6.4 1.5 4.7 2.6 8.5 2.8 6.2 2.5 1.2 3.6 11 
Salinity 
(ppt) 
0.14 0.42 0.52 0.31 0.39 0.79 0.1 0.13 0.75 0.3 52.21 55.88 1.29 0.66 
Colour Brown/Red Brown/Red 
Clear/ 
Light 
brown 
Brown/ 
Red 
Brown/Red 
Light 
Brown 
Brown/ 
Yellow/ 
Red 
Brown/ 
Yellow/ 
Red 
Light 
Brown 
Light 
Brown 
Clear Clear Clear 
Light 
Yellow 
Odour None None None None None None Sulfur Sulfur Sulfur Sulfur Sulfur Sulfur Sulfur None 
Date of Sample: 27/08/2015 
 
 
 
 
40 
 
 
Table 10: Laboratory results for the boreholes that were sampled on the 27/08/2015, immediately after a rainfall event 
  LOR Unit 
WP1-
4 
WP1-8 
WP1-
12 
WP2-
4 
WP2-8 
WP2-
12 
WP3-4 
WP3-
8 
WP3-
12 
WP4-4 
WP4-
8 
WP4-
12 
BH10 BH4 BH16 BH17 
Sulfate as 
SO4 
1 mg/L - - - - - - - - - - - - - - - - 
Cd 0.0001 mg/L - <0.0001 <0.0001 - <0.0001 - <0.0001 - - <0.0001 - - <0.0001 <0.0001 - - 
Cu 0.001 mg/L - 0.002 <0.001 - 0.002 - 0.001 - - <0.001 - - <0.001 <0.001 - - 
Pb 0.001 mg/L - <0.001 <0.001 - <0.001 - <0.001 - - <0.001 - - <0.001 <0.001 - - 
Zn 0.005 mg/L - 0.023 0.006 - 0.028 - 0.006 - - 0.014 - - <0.005 0.008 - - 
Fe 0.05 mg/L - 0.37 4.72 - 5.06 - 0.99 - - 0.29 - - <0.05 9.5 - - 
Ammonia as 
N 
0.01 mg/L 0.25 0.99 2.68 0.27 1.67 48.7 0.52 0.39 72.2 0.98 2.04 1.88 73.3 8.62 2.07 0.01 
Nitrite as N 0.01 mg/L <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Nitrate as N 0.01 mg/L <0.01 0.02 0.01 <0.01 <0.01 0.03 0.01 <0.01 0.02 0.01 <0.01 <0.01 0.04 0.01 <0.01 0.02 
Nitrite + 
Nitrate as N 
0.01 mg/L <0.01 0.02 0.01 <0.01 <0.01 0.03 0.01 <0.01 0.02 0.01 <0.01 <0.01 0.04 0.01 <0.01 0.02 
TKN as N 0.1 mg/L 1.2 3.1 2.4 0.8 3.1 52.4 1.6 1.1 66 1.2 2.9 1.6 62.1 8.2 1.9 <0.1 
Sulfide as S2 0.1 mg/L - - - - - - - - - - - - - - - - 
Date of Sample: 27/08/2015 
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4.3.4.2 Electrical Conductivity (EC) 
EC values tend to show an increasing trend with depth for the rain event sample round at 
WP1, WP2 and WP3. EC values increase with increasing depth at WP4, located on the 
foreshore of the lake.  Mean EC values for the rain event sample round is 1969 µS/cm (n = 
14, SD = 2530). 
4.3.4.3 Nitrogen 
Ammonia levels show an increasing trend with depth for all sites during the rain event 
sample round. At WP4, ammonia increases from 0.98 mg/L to 2.04 mg/L at -6.4 m (AHD) 
then decreases with depth to 1.88 mg/L at WP4-12. The differences in ammonia at WP4 for 
both sample rounds will be discussed in Section 5.4.5. 
Nitrate concentrations show variable trends with depths over the four sites for the rain event 
sample round. Nitrate decreases at WP1 and WP4 with increasing depth whilst WP2 and 
WP3 show increases in nitrate with depth. Nitrite was not detected at any sites during the rain 
event sample round. 
TKN values show a similar trend to ammonia and increase with increasing depth at all sites. 
It should be noted that the difference between TKN and ammonia, that is, the organic 
nitrogen content, decreases with increasing depth. The potential causes of this will be 
discussed in Section 5.4.5. 
4.3.4.4 Metal Concentrations 
Metal concentrations were selectively sampled for the rain event round due to low values at 
certain wells and budget considerations. Wells which were analysed for metals include WP1-
8, WP1-12, WP2-8, WP3-4, WP4-4, BH10 and BH4 (Table 10). Metal analysis was 
conducted in this way to provide the most widespread geographical representation of metal 
concentrations for the Windang aquifer. No trends with depth were noted for metals analysed 
in this round of sampling. 
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4.3.5 Groundwater Monitoring 
4.3.5.1 Slug Test 
All rising and falling head tests were in line with logarithmic functions (Appendix D). 
Hydraulic conductivities ranged from a minimum of 6.32 m/day at WP4-8 to a maximum of 
11.90 m/day at WP4-4. However as shown in Table 11, hydraulic conductivities differed 
between sites. Thus the aquifer at WP4 on the lake’s edge is assumed to be anisotropic.  
 
Table 11: Hydraulic Conductivities and SWL from the Slug Tests conducted at WP4-4, WP4-8 and 
WP4-12. 
 Falling Test (m/day) Rising Test (m/day) SWL (AHD) 
WP4-4 11.03 11.90 0.266 
WP4-8 10.19 6.32 0.029 
WP4-12 8.83 6.54 0.143 
 
4.3.5.2 Horizontal SGD 
The hydraulic conductivity for the horizontal flow rate between WP1-12 and WP4-12 has 
been taken from Coffey Partners (1994) study in the Windang Peninsula as 17 m/day. 
Horizontal SGD was based on the results of two divers from both WP1 and WP4. Mean, 
maximum and minimum horizontal SGD were derived and the values are 0.024 m2/day, 
0.028 m2/day and 0.020 m2/day respectively (SD = 0.001 m2/day).  
4.3.5.3 Vertical SGD 
Vertical SGD was calculated from a one off SWL measurement at the 3 depths at WP4 
during the slug tests. The hydraulic conductivity used for the calculation of vertical SGD was 
the mean of all derived hydraulic conductivities from the slug tests (9.14 m/day). Vertical 
SGD between WP4-4 and WP4-8 was calculated as a downwards flow of 0.43 m2/day. The 
vertical SGD between WP4-8 to WP4-12 was calculated as an upwards flow of 0.64 m2/day. 
The vertical SGD between WP4-4 and WP4-13 was a net downwards flow of 0.17 m2/day. 
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4.4 CONCLUSION 
This section has focused on the output of the data collection phase. Data of importance to the 
project has been stated above whilst raw output has been included in the Appendices for 
reference. The data will be now be discussed in a manner specific to the study aims and 
objectives.  
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5 DISCUSSION 
5.1 INTRODUCTION 
The discussion component details the major interpretations of the project data. More 
specifically the sections discussed include the chronostratrigraphy of the Windang Barrier, 
groundwater quality trends in a subterranean estuary context and the implications of potential 
contaminant migration for Lake Illawarra. 
5.2 CORE INTERPRETATIONS 
Before attempting to classify the different estuarine sand units, it is important to note that 
depicting the depositional history usually entails a suite of techniques such as seismic data, 
faunal analysis and radiocarbon or amino acid racemisation dating (Sloss et al., 2005). The 
current thesis relies on grain-size analysis, descriptive analysis, amino acid racemisation and 
the presence of faunal assemblages to characterise the different units. The faunal assemblages 
were dated using amino acid racemisation. Interpretations of chronostratigraphy will be made 
with close reference to Sloss et al. (2005) which combines seismic data, aspartic acid 
racemisation dating and radiocarbon ages to derive the chronostratigraphy and evolutionary 
history of Lake Illawarra. A stratigraphic cross-section depicting the different sand units 
between points WP1-WP4 can be seen in Figure 10. 
The basis for subdividing the different units within the cross-section of the Windang 
Peninsula has been formulated from grain-size analysis and descriptive data. The location of 
the cross-section is important in determining the evolution of the barrier. All core samples 
were located on the low-beach ridge with WP1 and WP2 located on the boundary of the 
vegetated dunes. No cores were taken from the dune-ridge. This means that all units 
encountered have originated from processes associated with a back-barrier setting. Lake 
Illawarra can be identified as a Type 2b ‘Stationary Barrier – High Foredune’ of Thom et 
al.’s (1978) Holocene bay barrier classification (Figure 11). Barriers within this class have a 
single ridge dominated by vertical accretion with minimal to no lateral migration (Thom et 
al., 1978). Firstly, the lithostratigraphic units of the Windang Sandy Barrier have been 
described in limited detail in Section 4.2. The following sections will attempt to build on the 
lithostratigraphy whilst interpolating the chronostratigraphy from evolutionary models of 
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Lake Illawarra during the Holocene. Lastly this information will be used to suggest a 
Holocene evolutionary model for the Windang Barrier. 
 
Figure 9: Visual representation of the orientation between points WP1 and WP4 for the cross-
section. 
 
Figure 10: Cross-section depicting the different stratigraphic units of the Windang Sandy Aquifer. 
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5.2.1 Lithostratigraphy and Chronostratigraphy the Windang Barrier 
5.2.1.1 Barrier Sands 
Barrier Sands are differentiated from the above unit by an increase in grain size to medium- 
to coarse-grained, a lack of shelly material, an increase of sand content to 100% and 
reduction of silt and clay content to at or near zero. The grain size shift to medium- to coarse-
grained sand and the rounded to subrounded quartz content suggests that the origin is sourced 
from marine sediment stored on the continental shelf. The majority of the barrier sands unit is 
marine sands sourced from the post-glacial marine transgression. Coarse washover deposits 
associated with direct marine deposition occur closer to the Korrongulla Channel (Sloss, 
2005). However, a cobble section at WP4 from between -7.63 to -7.79 m (AHD) suggests the 
presence of an active beach-face at the base of the barrier sands unit at the time of deposition. 
When compared to Sloss et al. (2005) derived ages of fossil assemblages suggest that the 
Barrier Sands unit is between 5500 (+/- 250) to 6280 (+/- 290) years old. 
5.2.1.2 Estuarine Sands 
Estuarine sands precede the deposition of barrier sands and underlie reworked barrier sands. 
This unit is distinguished by the presence of increased silt content to 5-10%, the abundance of 
shell fragments including A. trapezia and a distinct grey colouration. The presence of the 
bivalve A. trapezia and other shell fragments suggests that the deposition of this unit is 
consistent with an intertidal estuarine setting. Radiocarbon dating of A. trapezia by Sloss 
(2005) in cores of similar depth (4.4 m) and unit taken 1.45 km directly north-west of WP4 
were 5290 +/- 240 yrs.  
5.2.1.3 Reworked Barrier Sands 
Reworked barrier sands are distinguished from the overlying layers by the presence of limited 
silt and clay content and near 100% sand. In a back-barrier setting, deposition was likely to 
occur in the form of channel-fill deposition (Thom, 1984). The seismic trace conducted by 
Sloss et al., (2006) suggests that reworked barrier sands are in line with channel-fill deposits 
following the infill of the Korrongulla Channel. 
5.2.1.4 Backbarrier Deposits 
Directly below topsoil deposits sand content increases to between 85-95% whilst organic 
layering decreases dramatically. Backbarrier deposits display organic zones which become 
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less consistent with depth. Percent silt and sand contents decrease with increasing depth. The 
backbarrier deposits gently increase in thickness towards the east, whilst decreasing in 
thickness to the north (Figure 9, Figure 10). This unit fines upwards and westwards. The 
unconfined nature of the Windang Sands suggests that the silt and clay content in the 
backbarrier deposits could be due to mud transportation through a porous medium. The 
generally fine- to medium-grained sand indicates that these deposits came from processes 
associated with a backbarrier setting (Thom, 1984). 
Alternating sequences of both backbarrier sands and topsoil deposits occur at WP4. Grain 
size within this section alternates based on silt and sand content indicative of the environment 
of deposition. The deposition of 0.66 m of thick silty sand with high organic content indicates 
the previous height of the backbarrier flat. 
5.2.1.5 Topsoil Deposits 
The thin layer of topsoil deposits is consistent with a typical, highly vegetated back barrier 
setting. Here the presence of vegetation facilitates the development of an organic sandy silt 
A-horizon or humus with a maximum thickness of 0.73 m at WP4. The topsoil unit remains 
relatively uniform in thickness in an east-west direction and a north-south direction and 
generally fines upwards. The fine-grained sand component of the topsoil deposits seems to 
suggest aeolian processes or sheetwash during floods are responsible for the transportation of 
these sands (Ahlbrandt, 1979). The most likely origin of topsoil deposits is wind-blown sands 
from the adjacent dune following sea-level stabilisation whilst surface vegetation and organic 
matter facilitates the development of humus (Thom, 1984). Vertical accretion of the 
stationary barrier and the ceasing of overwash deposition means that backbarrier landforms 
have remained a relict feature of storm surge deposits during the post-glacial marine 
transgression phase (Roy et al., 1994). Topsoil deposits have originated from present day 
conditions. 
5.2.2 Evolutionary Model of the Windang Barrier 
A brief evolutionary model of the Windang Barrier will be attempted based on the relative 
ages of the different units as interpolated from Sloss (2005) and Sloss et al. (2005). An 
evolutionary model has previously been derived for Lake Illawarra as shown in Figure 12. In 
the present study, no Pleistocene units were encountered due to the presence of bedrock at 
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relatively shallow depths for all cores except WP2-12 which was terminated at 12.5 m below 
the surface. The different units encountered within the cores of the Windang Barrier are 
associated with evolutionary stages 2 to 5 (Figure 12).  
 
Figure 11: Holocene Bay Barrier Classification Scheme as developed by Thom et al. (1974), pg 11. 
 
The Holocene post-glacial marine transgression occurred ca. 8000-5000 where sea-levels 
rose to +1.5 m higher than the present level (Sloss et al., 2006). Sloss et al. (2005) associated 
the marine transgression with the deposition of a sand sheet some ca. 7600-5000 years 
(Figure 12). The marine transgression inundated Pleistocene erosional deposits westward of 
the current Windang Barrier. The medium-grained sand, lack of silt or clay content and the 
depth associated with the Barrier Sands unit suggests that it was deposited following the last 
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high-stand (Thom et al., 1978; Sloss et al., 2006). The basal gravel lag may be associated 
with overwash deposits behind a landward migrating sand sheet. 
 
Figure 12: Evolutionary model of Lake Illawarra, sourced from Sloss et al. (2005). 
 
The dates of A. trapezia in this study show that there is large variability in their ages. Both of 
the ages of the A. trapezia from WP3 and WP2 (ca. 7637 and 8536) are consistent with an 
estuarine setting behind a landward migrating sand sheet. However, ages derived from cores 
at WP4 are not consistent with the depth of the sample of around -4.5 m (AHD). It is 
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hypothesized that the A. trapezia found at WP4 is sourced from the reworking of older 
deposits in the Korrongulla channel during a flood event. 
The post-glacial marine transgression was followed by a Holocene high-stand period at ca. 
5000 years (Sloss et al., 2005). This facilitated the initial stages of barrier development and a 
back barrier lagoon evident by the Estuarine Sand unit. The change from coarse- to medium-
grained sand with increased clay and silt content and the presence of A. trapezia suggest a 
shift from marine transgression to a back barrier lagoon setting. It is suggested here that the 
beginning of the still-stand allowed for the development of tidal flats associated with the 
initial stages of lagoon development between ca. 5000-3200 years. 
The development of the Reworked Barrier Sands overlying the Estuarine Sand unit suggests 
that this unit is closely linked with both vertical barrier growth and the development of an 
extensive backbarrier flat from ca. 3200-2500 years. Silt and sand content decreases to near 
zero within this unit, suggesting the development of the barrier in the absence of estuarine 
influence. It is within this period that deposition was sourced during the closure of the 
Korrongulla Channel (Sloss, 2005). 
Both vertical barrier growth and the development of a backbarrier flat during this period is 
evident by alternating sequences of fine-grained silty sand to coarse-grained sandy silt. The 
higher silt content in the sequences underlying higher sand content suggests that vegetation 
was present at a lower level prior to the development of a backbarrier flat. Barrier growth and 
backbarrier sand development facilitated the extension of the barrier above the vegetated 
zone to its current level where vegetation has stabilised and allowed a topsoil layer to form. 
5.3 GROUNDWATER CHEMISTRY 
5.3.1 Quality Control 
5.3.1.1 Field Duplicate 
As reported in Section 4.3.1 of the results, analytes were only detectable within the LOR in 
both the field sample and field duplicate for ammonia and TKN. The relative percentage 
differences (RPD) have been calculated from the two samples to validate the effectiveness of 
laboratory analysis and the level of field contamination. Both ammonia and TKN differ from 
the duplicate to the field sample by 0.03 mg/L and 1.0 mg/L respectively whilst the RPD 
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values are 1.46% and 41.67% respectively. Ammonia (1.46 %) is within the 10-20% 
threshold prescribed by the Victorian EPA for quality control validation (EPA Victoria, 
2009) whilst TKN is outside the threshold at 41.67%. Caution is advised when considering 
TKN values but, only one field duplicate was taken over the course of 29 samples. It is 
recommended that for any future sampling of the Windang Peninsula, field blanks and 
duplicates be taken every 10 samples to measure the reproducibility of the sampling 
(Sundarum et al., 2009). 
When comparing field duplicate results with internal duplicate results from the ALS 
laboratory, it can be seen that RPD values are substantially higher for field duplicates. For 
ammonia and TKN, maximum internal RPD for field duplicates were 0% and 3.93% 
respectively. There are multiple reasons with the sample collection process that could explain 
variations in the field duplicate samples. It is assumed that there is no influence on results 
from stagnant well water as wells were fully purged and parameters were allowed to stabilise 
prior to sampling. Groundwater was drawn for the blank sample shortly after (within 5 
minutes) taking the sample at WP4-12. This could suggest that there is temporal variability 
between samples. A rinsate blank and a trip blank were not included in the sampling regime 
and as such, the degree of the equipment or of shipping and storage contamination cannot be 
determined. It is recommended that a trip blank and rinsate blank be included in any future 
sampling regimes to account for potential sources of contamination. 
5.3.1.2 Field Blank 
BH17 was the name given to the field blank which was sent to ALS laboratory with the field 
samples to provide data on any potential field contamination. The results of BH17 indicate 
that field contamination was relatively low, with maximum contamination values of 0.02 
mg/L for nitrate and minimum values below the LOR. This suggests that field contamination 
is not a cause of the high RPD value measured for the duplicate taken at WP4-8 and that field 
contamination is low.  
Internal method blanks were conducted throughout the ALS laboratory analysis of the 
samples. Method blanks are characterised by analysis of the same volume of deionised water 
by the same analysis technique as was used for the samples. Method blanks highlight any 
contamination in the analysis process. For all sampling rounds method blanks were below the 
LOR, indicating negligible contamination from ALS laboratory in the analysis process. Thus, 
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field blanks, internal blanks and duplicates give a good indication of the potential sources of 
contamination. However for future studies it is recommended that a full suite of blanks be 
used to identify contamination sources and these should be conducted once in every 10 
samples (Sundarum et al., 2009). 
5.3.2 BH10 and BH4 vs Average Annual Values 
5.3.2.1 Nitrogen 
Comparison of ammonia in BH10 and BH4 to average annual levels since 2004 (Appendix 
B) indicate that ammonia has fluctuated at different rates between sites (Table 12). Dry 
period values of 66.2 mg/L are considerably lower than average annual levels of 117 mg/L 
showing a decrease of 50.8 mg/L. Ammonia increased for the rain event sample in 
comparison to the dry event by 7.1 mg/L but is still considerably less than the annual average 
of 43.7 mg/L. Ammonia levels showed an overall decrease at BH10. BH4 ammonia increased 
in both the rain event sample and the dry period sample round when compared to the average 
annual level (6.6 mg/L) by 2.02 mg/L and 3.6 mg/L respectively. NOx has shown modest 
decreases from the average in both the rain event and dry period (Table 12). Decreases in the 
ammonia concentrations seem to suggest that the plume has either moved from its previous 
location by advection or attenuation of ammonia has occurred. 
When compared to ANZECC guidelines (ANZECC, 2000), total ammonia for both sample 
periods at BH10 exceeds the 95% protection of species for the designated pH. For the dry 
period, at an observed pH of 7.4, the recommended trigger values for both freshwater and 
marine water is 1.74 mg/L and 2.49 mg/L respectively. For the wet period at an observed pH 
of 8.88, trigger values for both freshwater and marine water decrease to 0.24 mg/L and 0.20 
mg/L respectively. Comparing ammonia concentrations of both sample rounds to trigger 
values indicates that dry and wet sample values greatly exceed the prescribed trigger values 
for both marine and freshwater ecosystems. As pH fluctuates, so too does the threshold value 
given for each ecosystem. For the rain event sampling, pH increases which therefore lowers 
the trigger values for freshwater and marine from 1.74 mg/L and 2.49 mg/L respectively to 
0.24 mg/L and 0.20 mg/L respectively. This increases the exceedance of ammonia at BH10 
and BH4 from 38 fold and 6 fold, respectively, to 305 fold and 43 fold, respectively. An 
important factor when considering the observed decrease in ammonia concentrations from the 
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average annual mean is that levels for both locations still greatly exceed ANZECC trigger 
values.  The implications of ammonia exceedance are discussed in Section 5.4.5. 
The ANZECC 95% protection trigger values for nitrate and nitrite in both marine and 
freshwater ecosystems is 0.70 mg/L. When comparing the annual average mean, rain event 
and dry period sampling, it is evident that nitrate and nitrite values are below the guideline. 
However, nitrate values may change depending on their location within the freshwater lens as 
discussed in Section 5.4.5. 
 
Table 12: Dry period, rain event and average annual results for BH10 and BH4.  
Site BH10 BH4 Freshwater 
Trigger 
Marine 
Trigger 
Sample 
Period 
Dry 
Period 
Rain 
Event 
Average 
Dry 
Period 
Rain 
Event 
Average 
Rain 
Event 
Dry 
Period 
Rain 
Event 
Dry 
Period 
Ammonia 
(mg/L) 
66.2 73.3 117 10.2 8.62 6.6 0.24 1.74 0.20 2.49 
NOx 
(mg/L) 
0.09 0.04 0.1 0.09 0.01 0.1 0.70 0.70 0.70 0.70 
 
5.3.2.2 Dissolved Metals 
The dissolved metals when compared to average annual levels indicate that for BH10 and 
BH4, metal concentrations have remained relatively stable (Table 13). Iron is not mentioned 
in this section, and is discussed in Section 5.4.1.4. For the rain event, BH10 showed no metal 
concentrations above the LOR, whilst the dry period sampling indicates that apart from iron, 
mobile zinc was the only detectable metal at a concentration of 0.012 mg/L. For BH4, mobile 
zinc and iron were both detectable. ANZECC guidelines prescribe maximum zinc trigger 
values for the 95% protection in both freshwater and marine water as 0.008 mg/L and 0.015 
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mg/L, respectively. Using these values as a guideline only, the freshwater trigger value is 
exceeded at BH10 during the Dry Period sampling (0.012 mg/L). The freshwater trigger 
value for zinc is met at BH4 only for the Rain Event sample round (0.008 mg/L). For the 
marine water guideline trigger value of 0.015 mg/L, neither BH10 nor BH4 exceeds this limit 
for both the Dry Period and Rain Event.  
 
Table 13: Metal Concentrations for BH10 and BH4 for both the dry period, rain event and 1994 
samples conducted by Coffey Partners (1996). 
Site BH10 BH4 
Sample Period Dry Period Rain Event 1994 Sample Dry Period Rain Event 1994 Sample 
Cd (mg/L) <0.0001 <0.0001 <0.005 <0.0001 <0.0001 <0.005 
Cu (mg/L) <0.001 <0.001 0.01 <0.001 <0.001 0.01 
Pb (mg/L) <0.001 <0.001 <0.001 <0.001 <0.001 <0.005 
Zn (mg/L) 0.012 <0.005 0.05 0.005 0.008 <0.01 
Fe (mg/L) 0.29 <0.05 0.06 9.10 9.50 0.42 
 
Copper slag deposits are located towards the Korrungulla Swamp area (Figure 13). The 
location of the deposits and the direction of groundwater flow in comparison to the boreholes 
monitored within this study suggest that the low metal concentrations are natural and 
independent of the copper slag emplacements. A reactive barrier made from steel furnace slag 
has been placed directly downgradient from the copper slag emplacements to intercept heavy 
metal-rich groundwater (Douglas Partners, 2012). As metals pass through the steel furnace 
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slag, groundwater pH rises causing the precipitation of heavy metals, thus decreasing soluble 
metal concentrations within the aquifer (Figure 13). 
5.4 AQUIFER CHEMISTRY AND PLUME CHARACTERISTICS 
The purpose of the groundwater sampling was to identify the concentrations and the locations 
of the plume along a transect line. Interpolation of contaminant concentrations was made 
between points to show plume characteristics comparative to general water quality 
parameters such as pH, ORP, DO and salinity. Two distinct biogeochemical zones have been 
identified within the study area and these include the freshwater lens and the saltwater wedge. 
Studying the chemical composition and the concentration of nitrogen between these zones 
provides an indication of the biogeochemical cycling of contaminants (Kroeger, and Charette, 
2008). In particular, the speciation of ammonia between these zones may help identify the 
quantity of dissolved inorganic nitrogen reaching Lake Illawarra. It is important to state that 
only two sampling rounds were conducted over the course of the study and as such, plume 
characteristics and biogeochemical cycling should be considered as indicative only. 
Furthermore, the location of the saltwater-freshwater mixing zone was not identified. As 
such, the extent of the freshwater lens towards WP4 as depicted in the cross-sections is only a 
rough estimate. 
5.4.1 Freshwater Lens 
The uncontaminated, freshwater portion of groundwater is characterised by the presence of 
high DO, low ammonia and oxidizing ORP conditions in the upper 1-2 m of the lens (Figure 
15, Figure 19). This represents the natural portion of the freshwater aquifer where rainwater 
infiltration and shorter residence times drive higher DO and ORP (Figure 15, Figure 17, 
Figure 18, Figure 19, Figure 22). These characteristics become more apparent towards the 
eastern portion of the freshwater lens (WP1-4 and WP2-4) where ammonia concentrations are 
below 1 mg/L in the upper 1-2 m of the aquifer for the rain event and dry period sample. Here 
mean DO and ORP are 32.2% and 102 mV respectively for the dry period. At both WP2 and 
WP3 the presence of low ammonia extends to around -4.5 m (AHD) in depth. The relatively 
uncontaminated conditions in these shallow areas persist between both the rain event sample 
round and the dry event sample round. Thus, this zone represents an area of high aquifer 
recharge unaffected by ammonia. 
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Figure 13: Location of copper slag deposits and the direction of groundwater flow from the 
Korrungulla Swamp area. Groundwater flow lines are redrawn from Douglas Partners (2012). 
 
5.4.1.1 Ammonia 
The ammonia plume is consistent with similar studies from the U.S and Brazil that show high 
levels of ammonia, reducing conditions and low DO concentrations at depth in an unconfined 
freshwater lens (Niencheski et al., 2007; Kroeger and Charette, 2008). Horizontal loss of the 
plume is evident towards the western portion of the study site between wells WP3 and WP4. 
Here ammonia decreases from 71.0 mg/L to 1.90 mg/L. This suggests that density dependent 
advective forces govern the rise of less dense, contaminated freshwater over a denser 
saltwater wedge towards BH10. Using a previous study (Montgomery, 2004) and the 
hydraulic gradient in this study it is suggested that flow direction is westwards towards Lake 
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Illawarra. The ammonia concentrations decrease towards the surface from 66.2 mg/L at 
BH10 to 4.01 mg/L at WP4 suggesting significant attenuation of the ammonia plume as it 
rises. However, the drilling of a deeper bore at BH10 would provide a clearer indication of 
the vertical movement of the plume as it migrates towards the lake foreshore. Possible 
explanations for ammonia attenuation will be discussed in Section 5.4.5. 
The increase in concentration of ammonia with depth shows a similar trends with the more 
strongly reduced conditions and limited DO. Within the ammonia plume, DO and ORP have 
mean values of 18.44% and -36.8 mV. Of importance is the occurrence of limited NOx with 
NH3 species throughout the aquifer for the dry period sample. NOx species tend to be 
scattered throughout the freshwater lens during the dry period sample whilst significantly 
lower NOx is observed in the rain event sample (Figure 15, Figure 19). This suggests that 
nitrate is not associated with the ammonia plume. Nitrite levels throughout the aquifer are 
very low, and when observed, are just above the LOR. Suggestions for the changes in 
concentration of NOx between the rain event and the dry period sample will be discussed in 
Section 5.4.5. 
 
 
Figure 14: Aerial view of the cross-section transect used to show chemistry contours in the 
Windang Sandy Aquifer. 
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Figure 15: Cross-section of the study area showing the distribution of dissolved ammonia 
concentrations during the dry period sample round. All bores depths have been measured to AHD. 
5.4.1.2 Extent of the Ammonia Plume 
Based on the schematic representation of the ammonia plume, it is suggested here that the 
north-eastern extent of the plume is between WP1 and BH4. This is due to the presence of 
relatively insignificant concentrations of ammonia measured at WP1 for both sample rounds. 
The southern extent of the plume is not known due to the high concentrations of ammonia 
within WP2, WP3 and WP4 which were initially hypothesised as the southern extent. 
Significant concentrations of ammonia are likely to extend south of the current transect 
towards the 2KY radio tower. To account for the distribution of ammonia in a southward 
direction would require borehole analysis south of the current transect. 
The schematic cross-sectional diagrams (Figure 15 and Figure 19) show the western extent of 
the ammonia plume as bordering the lakes edge. Here attenuation of the plume is evident and 
any advection losses are likely to be in the form of submarine groundwater discharge to the 
lake. Groundwater flow is to the west in this region and hence ammonia concentrations are 
likely to be low or at natural levels east of both the study site and the location of the old night 
soil deposits. The northern extent of ammonia has been estimated using average annual levels 
in bores not included in the current sampling regime (Appendix B). Average annual ammonia 
was detected at similar concentrations to the present study at BH2, BH2A and BH9. The 
diagram showing the bounds of the ammonia plume at BH2, BH2A and BH9 does not take 
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into account average advection rates since the last round of sampling at these sites. The 
schematic of the ammonia plume can be considered as tentative only and is shown in Figure 
16. Sampling of existing bores at the PKGC and bores to the south of the current transect 
should be carried out in future to ensure accurate representation of the N-S, E-W extent of the 
ammonia plume. 
 
Figure 16: A tentative representation of the ammonia plume in the Windang Peninsula. The plume 
has been drawn based on data from previous sampling events which were not included in the 
current study. 
 
5.4.1.3 Ammonia Source 
The ammonia plume has been identified at both BH4 and WP1, where grit and screenings 
deposits, septic effluent and sanitary pan wastes to the east are likely to have leached into the 
aquifer during rainfall events (Figure 2). However, the extent of deposits in the old tank 
trenches to the east of WP1 and BH4 could suggest a large non-point source of ammonia 
entering the lens. 
An isotopic study by Yassini and Robson (2005) measured the δ15N/14N and δ13C/12C ratios 
of both nitrogen and carbon within the aquifer. The study showed that a highly positive 
δ15N/14N ‰ of between +16.6 to +32.9 was found in a number of bores surrounding the 
PKGC including BH10. High positive readings of these ratios suggest that ammonia within 
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the aquifer is sourced from septic effluent or animal waste origin (Yassini and Robson, 2005). 
Due to the absence of significant livestock industries surrounding the PKGC and in the 
aquifer catchment (Campbell, 2004), it is likely that ammonia is sourced from human septic 
material east of the study site at the location of the old night soil deposits (Figure 2). 
5.4.1.4 Iron 
A plume of iron has been identified in the Windang Aquifer for both the dry sample round 
and the rain event sample round (Figure 20). The highest recorded concentration of dissolved 
iron for the dry sample round was 9.1 mg/L whilst in-situ DO was recorded relatively low 
percent saturation (13.4 %). There is a distinct absence of dissolved iron at the saltwater-
freshwater interface (Figure 20). Iron concentrations decrease substantially to below 1 mg/L 
westward of and including WP3. This could suggest the precipitation of iron oxides at WP3. 
However, a more comprehensive data set is required to validate the presence of iron 
precipitation sites. Iron in the aquifer is likely to be sourced from the iron rich pickling acids 
disposal in the tank trenches to the east of the study site (Figure 2). 
 
Figure 17: Cross-section of the study area showing the distribution of dissolved oxygen 
concentrations during the dry sample round. All bores depths have been measured to AHD. 
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Figure 18: Cross-section of the study area showing the distribution of dissolved oxygen 
concentrations during the rain event round. All bores depths have been measured to AHD. 
 
 
Figure 19: Cross-section of the Windang Aquifer showing the distribution of dissolved ammonia 
concentrations during the rain event sample round. All bores depths have been measured to AHD. 
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5.4.2 Saltwater Wedge Zone 
The saltwater wedge zone (SWZ) can be defined as the boundary between the freshwater lens 
and saline estuarine water also known as the subterranean estuary. Salinity measurements 
have been conducted for all bores. High salinity is evident within the two deeper bores along 
the foreshore (WP4-8 and WP4-12) indicating the depth of the intruding saltwater wedge at 
no lower than -6.391 m (AHD). The exact depth of the saltwater-freshwater interface is 
unkown. The salinity recorded is >50 ppt at WP4-8 and WP4-12 indicative of highly saline 
estuarine water. 
The SWZ is characterised by a distinct redox zone dissimilar to that of the freshwater lens. In 
this zone, ORP values rise to as high as 263 mV indicating an oxidising (redox) environment. 
Based on similar studies, the SWZ is hypothesised to increase in thickness towards Lake 
Illawarra whilst the leading edge thins downwards below the freshwater lens in an eastwards 
direction (Windom and Niencheski, 2003; Burnett et al., 2006). Large-scale vertical 
decreases in salinity are observed from WP4-8 to WP4-4 where the two water masses are 
separated by density separation. Average dissolved oxygen concentrations at the wedge for 
the dry period sample exhibits high values (x̄ = 37.75%, n = 2) associated with the presence 
of circulating estuarine water.  
 
Figure 20: Cross-section of the study area showing the distribution of dissolved iron 
concentrations during the dry period sample and the depth of sample points measured to AHD. 
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Average ammonia within the freshwater lens is some 9-12 times the average concentration of 
ammonia in the SWZ. The observed decrease at the SWZ may indicate ammonia oxidation in 
the presence of high ORP and greater dissolved oxygen. However, ammonia levels in the 
wedge are still observed at relatively high levels with a mean concentration of 1.94 mg/L for 
both the rain event and dry sample period. The presence of greater ammonia concentrations 
within the wedge (x̄ = 1.94 mg/L, n=4) when compared to typical ranges along the eastern 
edge of the lake (<0.01-0.09 mg/L; WCC, personal communication, 15/10/2015) suggests 
that the plume may be a source of ammonia to Lake Illawarra. Horizontal loss of ammonia at 
WP4 may be due to tidal pumping and horizontal advection and dilution of the plume as it 
crosses the freshwater-saline mixing zone (Santos et al., 2009). Future sampling rounds 
should therefore concentrate on ammonia in WP4 to determine tide-driven mixing rates and 
attenuation at the lakes edge. 
Nitrate levels are relatively quite low in the saltwater wedge with a maximum concentration 
of 0.59 mg/L during the dry period sample. When comparing mean concentrations at the 
SWZ of 0.16 mg/L (n=4) to ranges previously measured in the lake (<0.01 mg/L to 0.07 
mg/L; WCC, personal communication, 15/10/2015), this suggests that nitrate in the wedge 
may correspond to an influx with estuarine tidal pumping and not advection across the 
freshwater-saltwater interface. During the rain event sampling, nitrate levels decreased to 
below the LOR whilst DO decreased to below 2.5%. This may be due to a larger hydraulic 
gradient in the freshwater lens caused by greater catchment supplied runoff, increasing 
freshwater advection rates across the freshwater-saline interface. 
5.4.3 Heavy Metals and Sulfur  
5.4.3.1 Heavy Metals 
Metal concentrations within the freshwater lens, as mentioned in Section 5.3.2.2, are unlikely 
to be sourced from copper slag deposits found near the Korrungulla Swamp emplacement site 
(Figure 13). The metals analyses were conducted for all wells during the dry period sample 
round. Specific wells were sampled for metals during the rain event sampling round to reduce 
sample costs. The only metals detected within both rounds of relative significance were zinc 
and iron. Zinc was highest during the second round of sampling at WP2-4 at 0.129 mg/L. 
Copper is present in low concentrations at most bores with a maximum concentration of 
0.010 mg/L at WP4-12. When comparing the dry period round to the rain event round, metals 
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tended to decrease. Metals such as zinc and copper within the aquifer may originate from coal 
wash deposits as was observed in the shallow subsurface when conducting drilling works at 
WP2 and WP4.  
5.4.3.2 Sulfur 
Sulfate concentrations within the aquifer were observed to be low with values ranging 
between 5 mg/L and 144 mg/L (Table 7). This is due to the generally reduced nature of the 
aquifer, allowing sorption forces to act on sulfates. Where saltwater ingress was evident 
(WP4-8 and WP4-12) sulfate species had predictably high concentrations of between 3330 
mg/L and 4020 mg/L. 
Sulfide concentrations were generally below detectable limits ranging from <0.01mg/L to a 
maximum of 2.4 mg/L at BH10 where hydrogen sulfide odour was noted (Table 6, Table 7). 
It has been suggested that the presence of sulfide is due to the prevalence of swampy 
conditions in recent geological timescales (Yassini and Robson, 2005). Both sulfate and 
sulfide levels from the current study are consistent with average annual levels observed for 
the Windang Sandy Aquifer (Appendix B). Sulfate and sulfide analysis was thus discontinued 
after the second round of sampling. 
5.4.4 Darcy’s Law estimates of SGD 
5.4.4.1 Horizontal Advection 
Water level was logged and compared to SWL provided by the NSW Office of Environment 
and Heritage (2015) from the nearest station at Cudgeree Bay in Lake Illawarra. Once 
adjusted to AHD, the SWL from both divers was used to compare against tidal and local 
rainfall data (Figure 21). There was no significant effect of rainfall on both the diver data and 
the horizontal flow rate. However, the maximum rainfall observed over the diver study period 
was 17 mm whilst the significant rainfall event was 236.4 mm which fell outside the diver 
observation period. For future studies it is recommended that diver data be incorporated into 
all sampling rounds including rainfall events. This will indicate how rainfall affects the 
horizontal gradient and thus the rate of both the horizontal flow and contaminant migration 
from the freshwater lens. 
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Figure 21: Static water level from WP1 and WP2 and tidal data from Cudgeree Bay tide gauge. 
As shown in Figure 21, tides have a more profound effect on the SWL of WP4, located on the 
lakes edge, than WP1 which is located 643 m to the east of the lake. This is due to the close 
proximity of the bore to the lakes edge which allows flow and ebb tides to increase and 
decrease the pressure in the aquifer, respectively, also known as tidal pumping. Horizontal 
flow is therefore highly dependent on two functions, tidal efficiency and tidal lag, that 
controls the propagation of the tidal signal in the unconfined aquifer. Firstly, tidal lag is the 
difference in time between the high water in the lake and high water in the aquifer (Namgial 
and Jha, 2009). Secondly, tidal efficiency is the difference in water level at both the lake and 
in the aquifer during a full tidal cycle. 
Flood tides draw water into the lake which decreases the hydraulic head at WP4. This results 
in a mean increase in the hydraulic gradient between WP1 and WP4 with only slight 
increases in horizontal flow rates to a high-tide mean of 0.026 m2/day (n = 6, SD = 0.0005) 
(Figure 21). The opposite is true for the aquifer where ebb tides lead to lower water levels at 
the gauging station in Cudgeree Bay thereby decreasing the hydraulic gradient. This results in 
slight decreases of the horizontal flow rate to a low tide mean of 0.023 m2/day (n = 6, SD = 
0.0004). The data does not account for tidal lag at WP4, thus the effect of tidal lag on 
hydraulic gradient is unknown. Firstly, the data suggests that flow and ebb tides have mild 
influences on the horizontal flow rate between WP1 and WP4. Secondly, changes in the 
horizontal flow rate are more dependent on SWL fluctuations at WP4 due to its location on 
the lakes edge and susceptibility to the tidal signal. The mean tidal lag for WP4-12 was 
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calculated as 6.95 hrs (n = 11, SD = 1.011). This suggests that there is a significant lag on 
tidal effects on the horizontal flow rate within the Windang Sandy Aquifer. Future 
monitoring should focus on linking nutrient concentrations at WP4 with both tides and tidal 
lag to show how fluxes of ammonia fluctuate with tides. 
5.4.4.2 Vertical Advection 
Only one round of SWL measurements were taken during the slug test at WP4, consequently 
there is not enough data to show how vertical advection rates fluctuate with tides. Low tide at 
the Lake Illawarra Bridge was 0.63 m at 11:36 AM on 22/10/2015 whilst measurements took 
place on the same day between 10:11 AM and 11:07 AM. The SWL measurements roughly 
correspond with a low tide at the lake entrance. However, as the SWL for the slug test were 
one off measurements, tidal lag at WP4 is not accounted for. Flow from the freshwater lens to 
the saline wedge at WP4-8 was calculated as 0.43 m2/day, significantly higher than horizontal 
advection rates calculated as 0.023 m2/day and 0.026 m2/day for both the low and the high 
tide, respectively. Upward flow between wells at the salt water wedge was slightly higher at 
0.64 m2/day. This is again much higher than the horizontal flow rate between WP4 and WP1. 
It is suggested for future monitoring that longer term data of half hour intervals be gathered to 
show how vertical SGD varies with tides. 
5.4.5 Biogeochemical Processes in the Windang Sandy Aquifer 
Biogeochemical processes driving speciation within the Windang Sandy Aquifer are based on 
two full rounds of sampling data. It is advised that suggestions made here are only indicative 
of the biogeochemical trends in the aquifer. A better developed data set would allow a more 
accurate interpretation of aquifer-wide trends, including future sampling rounds inclusive of 
the existing bores on the Port Kembla Golf Club. Nonetheless, an attempt will be made to 
determine any trends with regards to speciation within the aquifer and their controls such as 
ORP, dissolved oxygen, pH and influences of the salt-water wedge. 
5.4.5.1 Ammonia 
Ammonia production within the freshwater lens is likely to have been derived from 
ammonification or mineralisation of organic nitrogen. The source of organic nitrogen is from 
the dunes to the east (Figure 2) where septic effluent and screenings disposal occurred during 
the 1940s until 1992/3. These deposits have leached into the aquifer during rain events, where 
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bacteria synthesise the organic material to produce reduced conditions in the deeper portion 
of the aquifer. Ammonification involves the bacterially mediated reduction of organic 
nitrogen to NH4
+ in aerobic conditions and is usually associated with the development of an 
anaerobic zone (Bolan et al., 2011). In the context of the present study, this process has 
created a reduced environment, evident by the highly reduced ORP zones within the aquifer 
(Figure 22). TKN and ammonia concentrations follow similar trends within the Windang 
Sandy Aquifer (Figure 15 and Appendix G; Figure 33, Figure 34) suggesting that TON 
mineralisation is the most likely form of ammonia production in the aquifer. ORP was 
measured for the dry period sampling round and so comparisons of ORP zones to ammonia 
concentrations can be only be produced for one round of sampling. On that basis, a long-term 
sampling regime may produce more consistent and reliable results on the processes governing 
speciation. 
When comparing the rain event sampling round to the dry period round, ammonia 
concentrations generally increase throughout the aquifer. Increases in ammonia may be 
attributed to greater mixing within the aquifer, and greater potential for reduction of TON via 
mineralisation (Canavan et al., 2007). Total organic nitrogen (TON) and ammonia change 
from the rain event sample round to the dry sample round were compared. WP3-8 (NH3-N = -
0.58 mg/L, TON-N = +0.08 mg/L) and WP4-8 (NH3-N = -0.29 mg/L, TON-N = +0.09 mg/L) 
are sites where decreases in TON and increases in ammonia are evident over the course of the 
two sampling rounds. This may suggest greater mineralisation during the rain event.  
However, errors occur in results where ammonia concentrations are greater than TKN (Table 
10, WP1-8, WP3-12, WP4-8, BH10 and BH4). Although these results are within the range of 
error prescribed by ALS, TON concentrations throughout the study should be considered as 
preliminary only. Larger data sets in the form of increased sample rounds may help to isolate 
errors as outliers. 
Roughly 17-fold decreases in the concentration of ammonia towards the surface from BH10 
to WP4-4 may suggest that significant ammonia attenuation is occurring. Dissolved oxygen 
concentrations change from anaerobic to aerobic conditions between these bores. This 
suggests that anaerobic oxidation of ammonia via anammox is not a likely factor contributing 
to ammonia attenuation (Windom and Niencheski, 2003). Nitrate concentrations are generally 
low where decreases in ammonia are evident. This suggests that coupled nitrification 
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followed by rapid denitrification to N2 gas is a likely process governing attenuation of 
ammonia in the shallow parts of the aquifer at the lakes edge (Kroeger and Charette, 2008). 
5.4.5.2 NOx Speciation 
Nitrate and nitrite concentrations are low throughout all three sample rounds in the Windang 
Sandy Aquifer. Nitrite is an intermediate step in the process of nitrification and is generally 
unstable in most aquatic environments (Stanley and Hobbie, 1981; Paul and Clarke, 1989). 
The low nitrite levels detected in the aquifer may suggest a transition of NO2
¯ to NH4
+ or 
NO3
¯ during either nitrification or dissimilatory nitrate reduction (DNRA; Paul and Clarke, 
1989; Kelso et al., 1997). During the rain event sample round nitrate and nitrite levels for all 
sites were either close to the LOR or below the LOR. DO levels within this period for all sites 
were low, which leads to the assumption that DNRA is the possible mechanism reducing the 
concentration of both nitrate and nitrite whilst increasing ammonia concentrations (Canavan , 
2007; Kroeger and Charette, 2008). 
 
Figure 22: Cross-section of the study area showing the distribution of oxidation-reduction 
potentials (ORP) for the dry period sample round. All bores depths have been measured to AHD. 
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5.4.5.3 Iron 
The presence of soluble iron generally increases with low pH and greater reduced ORP 
conditions (Sigg, 2000). There is no evident trend in terms of the oxidation of Fe2+ to 
insoluble Fe3+ within the Windang Sandy Aquifer. Studies have shown decreases in dissolved 
Fe2+ with more oxidised ORP conditions (Testa et al., 2002; Charette et al., 2005). It is 
hypothesised here that precipitation of soluble iron coincides with areas of enriched ferrous 
oxide sediments. However, iron biogeochemistry of the Windang Sandy Aquifer was not the 
sole purpose of this study and as such, it is not necessary to speculate any further on iron 
speciation. 
5.4.6 Implications of Contaminant Migration 
Contaminant migration within the Windang Sandy Aquifer has a number of implications for 
Lake Illawarra. Firstly, toxicology is an important factor determining the effect of 
contaminants on the biodiversity of the lake. Secondly, nutrient pollution in the form of 
organic and inorganic nitrogen SGD to Lake Illawarra has the potential to further exacerbate 
the issue of eutrophication. To understand the effects of contaminant migration on Lake 
Illawarra, it is first necessary to estimate the modes acting on contaminant transport and the 
chemical speciation. 
5.4.6.1  Ammonia 
Ammonia concentrations greatly exceed the trigger values prescribed by the ANZECC 
guidelines. As such, it is necessary to consider the implications of ammonia contaminants and 
their speciation across an oxidation-reduction zone. Two forms of ammonia are measured 
when analysing ammonia-N. The two forms include the unionised, NH3 species and the 
ionised species NH4
+. The ratio of NH3 to NH4
+ is highly dependent on the in-situ pH and 
temperature. The toxicity of ammonia is also highly dependent on pH, with toxicity 
increasing with pH due to an increase in the ratio of NH3-NH4
+ (Thurston and Russo, 1983). 
Increases in the unionised ammonia content above the trigger values defined by the ANZECC 
guidelines can lead to convulsions, coma, reduction in hatching success and mortality of 
marine fish (ANZECC, 2000). If significant concentrations of ammonia enter the lake, they 
have the potential to oxidise to NOx. This may contribute to the macro algal blooms observed 
in the eastern portion of the lake. However, as mentioned in Section 5.4.5, ammonia 
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concentrations reaching Lake Illawarra from the Windang Sandy Aquifer are highly 
attenuated due to the biogeochemical processes acting on ammonia. 
In the porous saltwater wedge, ammonia concentrations are seen to exceed natural levels 
observed in the eastern edge of surface water in Lake Illawarra. Ammonia measured at WP4-
8 and WP4-12 ranged from 1.88 mg/L to 2.04 mg/L whilst NH3 at the eastern section of the 
lake ranges from <0.01 mg/L to 0.09 mg/L (WCC, personal communication, 15/10/2015). 
This could suggest that although considerable attenuation of ammonia is occurring, there is 
still migration of ammonia to the lake above natural levels. To understand the rate of 
attenuation westward of this site would require another bore on the tidal flats located on the 
eastern edge of Lake Illawarra. Once attenuation is more thoroughly observed, then a SGD 
flux of ammonia to Lake Illawarra can be estimated. 
5.4.6.2 Iron 
Issues with soluble iron include the oxidation and formation of ferric oxides (rust) at the 
surface when withdrawn from a well. This presents a potential rust issue to local residents 
when drawing water from private bore pumps with concentrated dissolved iron. It is 
suggested that caution be advised when drawing water from areas of high dissolved iron 
(BH4, WP1 and WP2). 
5.5 CONCLUSION 
There are a number of interpretations and hypothesis of biogeochemical trends associated 
with the ammonia plume. It is important to note that these were drawn with limited data. A 
larger dataset with monthly sampling and post-rainfall event sampling are recommended. 
Data collection in this way will support the exclusion of outliers which may not be 
identifiable from two sample rounds. Monthly sampling will identify any seasonal trends 
within the aquifer. 
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6 CONCLUSIONS AND RECOMMENDATIONS 
6.1 CONCLUSIONS 
The reconstruction of the Windang Barrier suggests that the evolution of the barrier is very 
closely linked to the Lake Illawarra evolutionary model proposed by Sloss (2005). The 
relatively uniform nature of grain-size and sand content with depth suggests that 
hydrogeological factors affecting groundwater are homogenous across the Windang 
Peninsula. Slug tests on the lakes edge at WP4 show that the aquifer at this location is 
vertically anisotropic. No horizontal isotropic or anisotropic trends can be confirmed from the 
present study. 
The current study has allowed a number of conclusions to be drawn in reference to the quality 
of groundwater in the Windang Peninsula. Ammonia nitrogen within the aquifer is still well 
above ANZECC guidelines. The newly drilled bores, WP2 and WP3 suggest that ammonia is 
concentrated south of the former study area on the Port Kembla Golf Club. Ammonia 
concentrations and the extent of the plume farther south of the study area are unknown. The 
development of new bores may help to identify the extent of the plume in a southward 
direction. Newly drilled bores along the lakes edge suggest that the subterranean estuary is 
the site of significant ammonia attenuation. Concentrations of ammonia at this site increase 
slightly immediately after a rainfall event and in the presence of decreased oxygen. In spite of 
decreased ammonia in the saltwater wedge, ammonia concentrations are above natural levels 
observed in the lake. This may suggest that ammonia in the aquifer is a non-point source of 
ammonia to Lake Illawarra. Further studies will need to be conducted to clarify the extent of 
ammonia concentrations reaching sites of submarine groundwater discharge to the lake. The 
shallow portion of the freshwater lens at the lakes edge exhibits relatively low concentrations 
of ammonia. This may suggest significant ammonia attenuation to N2 gas in the presence of 
oxygen. Two complete rounds of data are insufficient to confirm any biogeochemical trends 
within the aquifer. Monthly sample rounds in future may help to identify seasonal 
biogeochemical trends, nutrient cycling and the migration of the ammonia-rich plume.  
Processes occurring at the lakes edge such as tidal pumping may help facilitate the transfer of 
ammonia to Lake Illawarra. The horizontal flow rate of the aquifer at the lakes edge is highly 
dependent on tides. Vertical flow rates observed in this study were particularly high when 
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measured against horizontal flow rates in the aquifer. Thus there is a need to clarify the 
diurnal trends of vertical flow rates at the lakes edge. 
6.2 RECOMMENDATIONS 
6.2.1 Quality Assurance and Quality Control 
Quality assurance and quality control (QA/QC) for future studies should follow a more 
stringent guideline. Field blanks and field duplicates were conducted once throughout the 
study whilst the frequency of QA/QC is recommended to range from one in every 10-20 
samples. If any contamination is identified outside the recommended RPD range as was the 
case for this study, then a suite of blanks should be conducted to isolate the sources of 
contamination. 
6.2.2 Length and Extent of Sampling 
For future studies, sampling rounds need to be conducted on a regular basis to establish a 
more reliable data set. This will ensure that outliers are excluded from the data set and that 
biogeochemical trends can be inferred with greater certainty. It is recommended that 
sampling be conducted once monthly for dry period sampling and immediately after any rain 
event. Access to the bores at the PKGC for sampling would indicate the northern extent of 
the ammonia plume with greater accuracy then the present study. It is suggested that all bores 
on the PKGC be sampled initially to identify the extent of the plume in a northwards 
direction. Any bores in close proximity to the south of the transect WP2 to WP4 should be 
sampled to identify the southern extent of the plume. Future sampling should be limited to 
species of nitrogen only due to the absence of significant concentrations of metals and sulfur 
species as identified in the present study.  
6.2.3 Diver Deployment 
In order to calculate both the vertical and horizontal SGD to Lake Illawarra it is necessary to 
deploy two divers at WP4. WP4-12 already has a diver deployed, but this diver should be 
placed in WP4-8 and if possible, an extra diver should be placed in WP4-4. This will most 
accurately determine the diurnal fluctuations in vertical flow rate at the subterranean estuary 
and the effect of tidal pumping. 
 
 
73 
By having a larger data set for vertical advection, submarine groundwater discharge may be 
estimated. Submarine groundwater discharge of nutrients can be quantified using two models, 
the standard estuarine model and the non steady-state box model as used by Santos et al. 
(2009). 
6.2.4 Conclusion 
The recommendations listed will provide a useful reference for future monitoring projects 
and aid in estimating the movement of ammonia in the Windang Peninsula. This preliminary 
study provides a number of insights into the distribution of ammonia in the Windang Sandy 
Aquifer. Further studies will help to validate the biogeochemical cycling of high ammonia 
concentrations at the salt water wedge and directly after a rainfall event. 
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APPENDICES 
APPENDIX A – BOREHOLE LOCATIONS 
Table 14: Newly installed and previously installed piezometer locations, height above mean sea 
level and surface water levels (SWL) referenced to sea-level 
Bore Easting Northing 
Height Above 
Mean Sea 
Level (m) 
SWL 
(AHD) 
WP1-4 5049939 4842314.265 1.351 - 
WP1-8 5049942 4842316.231 1.315 - 
WP1-12 5049944 4842317.838 1.447 1.317 
WP2-4 5049654.071 4842040.519 1.844 1.324 
WP2-8 5049653.537 4842044.944 1.991 1.321 
WP2-12 5049653.816 4842042.593 1.913 0.953 
WP3-4 5049918.513 4841712.715 1.168 0.998 
WP3-8 5049916.403 4841715.065 1.303 1.113 
WP3-12 5049914.43 4841717.615 1.257 1.027 
WP4-4 5050104 4841536 1.256 0.375 
WP4-8 5050105.694 4841536.724 1.029 0.469 
WP4-12 5050107.603 4841538.306 0.973 0.343 
BH4 5049773 4842268 2.138 0.469 
BH10 -34° 30' 42.90709'' 150° 52' 24.82352 '' 1.51 - 
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APPENDIX B – ANNUAL AVERAGE VALUES IN BOREHOLES SINCE 2002 
Table 15: Average annual values of different constituents measured in the Windang Aquifer since 2002. These bores have been sampled monthly. (WCC, 
2015). 
Mean annual 
physical and 
chemical 
attributes of 
PKGC 
unconfined  
aquifer 
Bore holes  
Back Ground Bores Mid Ground Bores Down Gradient Bores Foreshore of the Lake 
BH4 BH4A BH5 BH1 BH3 BH6 BH7 BH2 BH2A 
Dam 11 Dam 12 
BH9  BH10 BH11 BH12  
6m 4m 4m 4m 4m 4m 4m 6m 4m 5m 4m 4m 3.5m 
Mean 
annual pH 
value 6.06 5.72 5.52 5.67 5.8 5.48 4.93 7.28 6.96 6.52 7.31 7.21 7.4 6.87 7.63 
Mean 
annual Ec 
µS/cm 932 363 684 582 329 231 432 5280 1001 818 2220 5007 2973 35000 66600 
Mean 
annual ORP 
mV -92 -54.1 -201 -317 -252 -226 -401 -303 -308 -135 -134 -194 -10.7 -56 -27.8 
Mean 
annual 
0.1 0.1 0.1 3.1 4 0.6 2.1 0.1 3.6 0.02 0.1 2 2 2 6 
Sulfite mg/L 
  
Mean 
annual 
103 53 144 26 6 46 22 317 84 58 157 263 289 1473 3943 
Sulfate 
mg/L 
Mean 
annual TOC 
mg/L  20.8 24.2 19 49.5 46.7 43 48.3 61.7 50 36.7 47..5 55 76 27 11 
Mean 
annual 
6.6 1.12 1.43 0.7 1.5 0.61 0.61 187.3 31.7 0.46 3.5 133 117 5.36 1.34 
Ammonia  
mg/L 
Mean 
annual  
0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.09 5.31 0.1 0.1 0.1 0.1 NOx mg/L 
Mean 
annual 
5.8 2.5 2.4 3 4.2 2.5 2.8 206.4 30.5 1.9 22 144 102 4.7 2 
Total 
Nitrogen 
mg/L 
Mean 
annual 
0.061 0.062 1.24 0.061 0.609 0.027 0.173 0.173 0.125 0.02 0.57 0.287 0.208 0.174 0.089 
Total 
Phosphorus 
Mg/L 
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APPENDIX C – STRATIGRAPHIC COLUMNS 
 
Figure 23: Stratigraphic column of the different units, grain size and environment of deposition 
versus depth at WP1. 
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Figure 24: Stratigraphic column of the different units, grain size and environment of deposition 
versus depth at WP2. 
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Figure 25: Stratigraphic column of the different units, grain size and environment of deposition 
versus depth at WP3. 
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APPENDIX D – SLUG TEST RESULTS 
 
 
 
Figure 26: Graph showing rise/fall of head against time after addition or removal of slug.
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APPENDIX E – GRAIN SIZE ANALYSIS 
Table 16: Grain Size Analysis for cores taken from WP1-12 
Sample 
Name 
Depth        
(m) 
Sand 
% 
Silt     
% 
Clay  
<4um 
% 
Clay  
<2um 
% 
D [4, 3] - 
Volume 
weighted 
mean 
Mode 1 
(microns) 
Mode 2 
(microns) 
Mode 3 
(microns) 
Mean 
(microns) 
Mean  
(phi) 
Std 
Dev 
(phi) 
Gske
w 
(phi) 
Kurtosi
s (phi) 
WP1 1.277 83.58 15.95 0.46 0 315.239 355.461 39.75 0 210.15 2.25 1.56 0.6 2.02 
WP1 0.747 91.82 7.9 0.28 0 353.842 364.642 41.26 10.71 339.85 1.56 1.02 0.36 2.44 
WP1 0.147 90.07 9.41 0.52 0 353.383 371.044 40.28 10.76 339.05 1.56 1.11 0.39 2.62 
WP1 0.047 100 0 0 0 408.045 389.622 0 0 387.11 1.37 0.49 0.01 0.94 
WP1 -0.103 93.99 5.74 0.27 0 352.704 355.646 41.85 8.86 341.39 1.55 0.84 0.33 2.23 
WP1 -0.293 95.96 3.88 0.15 0 428.17 423.494 48.44 9.37 404.19 1.31 0.61 0.09 1.03 
WP1 -0.733 100 0 0 0 482.979 464.077 0 0 459.32 1.12 0.48 0.01 0.94 
WP1 -1.173 100 0 0 0 408.947 390.203 0 0 388.23 1.37 0.48 0.01 0.94 
WP1 -2.903 100 0 0 0 592.88 565.969 0 0 557.7 0.84 0.53 0.02 0.94 
WP1 -3.233 100 0 0 0 538.342 516.44 0 0 510.97 0.97 0.49 0.01 0.94 
WP1 -3.683 100 0 0 0 530.137 513.14 0 0 508.75 0.97 0.43 0.01 0.95 
WP1 -4.383 100 0 0 0 524.741 503.098 0 0 495.13 1.01 0.52 0.02 0.93 
WP1 -4.863 100 0 0 0 488.242 468.823 0 0 464.49 1.11 0.47 0.01 0.94 
WP1 -5.123 100 0 0 0 456.943 437.811 0 0 434.53 1.2 0.48 0.01 0.94 
WP1 -5.373 100 0 0 0 402.236 383.831 0 0 379.51 1.4 0.52 0.02 0.93 
WP1 -6.063 100 0 0 0 491.482 471.589 0 0 466.78 1.1 0.48 0.01 0.94 
WP1 -6.413 100 0 0 0 552.57 521.709 0 0 517.61 0.95 0.54 0.01 0.93 
WP1 -6.563 100 0 0 0 438.066 415.702 0 0 415.37 1.27 0.48 0 0.94 
WP1 -7.773 100 0 0 0 525.14 505.398 0 0 492.34 1.02 0.55 0.03 0.92 
WP1 -8.103 100 0 0 0 432.523 416.242 0 0 414.46 1.27 0.43 0.01 0.95 
WP1 -8.363 100 0 0 0 450.065 432.805 0 0 424.87 1.23 0.52 0.02 0.93 
WP1 -8.443 90.97 8.74 0.3 0 348.542 370.713 59.93 0 288.73 1.79 1.18 0.32 1.37 
WP1 -8.603 98.57 1.43 0 0 470.197 450.502 53.43 0 422.94 1.24 0.74 0.07 0.96 
WP1 -8.763 99.13 0.87 0 0 433.897 411.227 0 0 373.44 1.42 0.87 0.09 0.96 
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Table 17: Grain Size Analysis for cores taken from WP2-12 
Sample 
Name 
Depth        
(m) 
Sand  
        % 
Silt     
       % 
Clay  
<4um 
% 
Clay  
<2um 
% 
D [4, 3] - 
Volume 
weighted 
mean 
Mode 1 
(microns) 
Mode 2 
(microns) 
Mode 3 
(microns) 
Mean 
(microns) 
Mea
n  
(phi) 
Std 
Dev 
(phi) 
Gske
w 
(phi) 
Kurtosi
s (phi) 
WP2 1.273 65.16 30.92 3.92 0.66 266.255 401.846 36.86 0 124.65 3 2.37 0.56 0.78 
WP2 1.063 87.35 12.02 0.63 0.02 356.326 393.915 49.27 0 303.85 1.72 1.24 0.43 1.79 
WP2 0.833 90.25 8.46 1.29 0.16 363.147 380.501 40.09 9.09 345.34 1.53 1.18 0.4 2.68 
WP2 0.773 89.74 8.69 1.57 0.17 380.029 401.359 8.48 41 363.15 1.46 1.25 0.41 2.92 
WP2 0.593 74.91 21.99 3.1 0.43 309.385 388.615 35.02 0 152.82 2.71 2.2 0.71 0.99 
WP2 0.393 88.33 10.77 0.9 0.03 462.82 495.906 51.89 13 418.44 1.26 1.34 0.42 2.38 
WP2 0.243 91.82 7.75 0.43 0 479.89 496.406 11.61 54.11 448.92 1.16 1.19 0.38 2.45 
WP2 -0.097 100 0 0 0 484.276 463.488 0 0 456.05 1.13 0.52 0.02 0.93 
WP2 -0.817 76.24 19.83 3.93 0.76 412.694 521.386 10.77 51.72 181.5 2.46 2.44 0.71 1.04 
WP2 -1.167 100 0 0 0 505.541 478.821 0 0 470.9 1.09 0.58 0.02 0.92 
WP2 -1.587 100 0 0 0 529.852 500.53 0 0 495.83 1.01 0.55 0.01 0.93 
WP2 -2.207 100 0 0 0 540.727 502.237 0 0 499.96 1 0.6 0.01 0.92 
WP2 -2.637 100 0 0 0 466.594 449.848 0 0 446.72 1.16 0.44 0.01 0.95 
WP2 -3.037 100 0 0 0 455.858 432.901 0 0 429.31 1.22 0.52 0.01 0.93 
WP2 -3.637 100 0 0 0 507.681 455.212 0 0 466.46 1.1 0.61 -0.02 0.93 
WP2 -4.137 100 0 0 0 401.541 380.636 0 0 381.19 1.39 0.48 0 0.94 
WP2 -4.637 100 0 0 0 415.02 396.286 0 0 394.11 1.34 0.48 0.01 0.94 
WP2 -5.137 95.48 4.52 0 0 505.055 482.048 47.83 16 466.38 1.1 0.72 0.1 1.09 
WP2 -5.347 100 0 0 0 374.843 355.652 0 0 355.82 1.49 0.48 0 0.95 
WP2 -5.807 100 0 0 0 530.806 495.897 0 0 491.2 1.03 0.6 0.01 0.92 
WP2 -6.587 100 0 0 0 513.313 484.715 0 0 478.35 1.06 0.57 0.02 0.92 
WP2 -6.887 100 0 0 0 307.024 291.423 0 0 292.57 1.77 0.45 -0.01 0.95 
WP2 -7.137 79.1 18.14 2.76 0.41 335.724 400.892 11.38 0 169.77 2.56 2.2 0.59 1.58 
WP2 -7.957 93.92 5.74 0.33 0 428.921 414.638 38.24 0 385.06 1.38 1.07 0.27 1.68 
WP2 -8.077 86.2 12.01 1.78 0.27 378.931 406.147 9.82 34.99 316.19 1.66 1.53 0.43 2.12 
WP2 -8.387 96.52 2.98 0.5 0.02 473.098 438.75 39.29 0 418.39 1.26 0.82 0.07 0.99 
WP2 -8.547 95.84 3.44 0.72 0.03 294.283 275.242 28.01 0 269.87 1.89 0.71 0.07 1.03 
WP2 -9.417 94.74 4.63 0.63 0.02 639.953 655.727 26.3 0 548.03 0.87 1.19 0.3 1.54 
WP2 -9.597 91.5 6.94 1.56 0.23 352.107 354.112 6.87 32.65 315.37 1.66 1.32 0.35 2.18 
WP2 -9.857 98.27 1.67 0.06 0 585.677 580.693 0 0 518.51 0.95 0.83 0.13 1.04 
WP2 -10.087 95.28 3.96 0.76 0.1 287.175 270.187 29.05 0 261.91 1.93 0.75 0.1 1.09 
WP2 -10.537 97.92 2 0.08 0 459.99 466.821 0 0 411.63 1.28 0.79 0.13 1.02 
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Table 18: Grain Size Analysis for cores taken from WP3-12 
 
Depth  
AHD       
(m) 
Sand  
        % Silt % 
Clay  
<4um 
% 
Clay  
<2um 
% 
D [4, 3] - 
Volume 
weighted 
mean 
Mode 1 
(microns) 
Mode 2 
(microns) 
Mode 3 
(microns) 
Mean 
(microns) 
Mean  
(phi) 
Std 
Dev 
(phi) 
Gske
w 
(phi) 
Kurtosis 
(phi) 
WP3 1.127 31.21 61.13 7.66 1.16 81.801 23.144 290.79 0 33.2 4.91 2.25 -0.12 0.86 
WP3 0.997 82.54 15.19 2.27 0.37 311.637 356.157 36.09 10.96 191.79 2.38 1.82 0.68 2.7 
WP3 0.647 100 0 0 0 392.453 371.636 0 0 369.22 1.44 0.53 0.01 0.93 
WP3 0.017 95.35 4.55 0.1 0 365.271 362.748 41.91 9.47 349.06 1.52 0.58 0.11 1.09 
WP3 -0.303 86.59 11.54 1.87 0.3 391.692 425.506 45.99 9.5 353.07 1.5 1.4 0.45 2.53 
WP3 -0.993 100 0 0 0 345.328 323.469 0 0 326.45 1.62 0.49 -0.01 0.95 
WP3 -1.593 100 0 0 0 420.672 401.63 0 0 396.3 1.34 0.52 0.02 0.93 
WP3 -3.243 100 0 0 0 452.039 428.045 0 0 424.59 1.24 0.53 0.01 0.93 
WP3 -3.693 100 0 0 0 422.262 404.449 0 0 403.06 1.31 0.45 0.01 0.95 
WP3 -4.143 100 0 0 0 437.378 419.535 0 0 419.16 1.25 0.43 0 0.95 
WP3 -4.883 100 0 0 0 423.736 404.736 0 0 402.25 1.31 0.48 0.01 0.94 
WP3 -6.393 94.01 5.79 0.2 0 454.311 461.602 55.16 0 411.71 1.28 1.01 0.29 1.6 
WP3 -6.843 98.57 1.29 0.14 0 377.32 357.395 0 0 351.23 1.51 0.6 0.03 0.95 
WP3 -7.393 100 0 0 0 512.866 476.126 0 0 465.36 1.1 0.68 0.02 0.92 
WP3 -7.643 100 0 0 0 668.663 624.394 0 0 611.63 0.71 0.64 0.02 0.93 
WP3 -7.793 95.4 3.95 0.64 0.09 608.714 599.18 62.08 0 538.54 0.89 1.05 0.25 1.5 
WP3 -8.143 93.75 5.21 1.05 0.14 289.695 272.58 28.78 5.31 264.55 1.92 1.01 0.26 1.84 
WP3 -8.393 85.62 12.95 1.42 0.27 280.293 299.659 31.8 0 211.62 2.24 1.51 0.39 1.53 
WP3 -8.743 97.21 2.79 0 0 567.704 563.285 78.1 0 521.88 0.94 0.77 0.16 1.17 
WP3 -8.983 95.33 4.28 0.39 0 541.15 637.803 32.93 0 422.84 1.24 1.23 0.24 1.05 
WP3 -9.143 95.96 3.78 0.26 0 385.221 379.825 40.27 0 341.94 1.55 0.86 0.15 1.1 
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Table 19: Grain Size Analysis for cores taken from WP4-12 
Sample 
Name 
Depth        
(AHD) 
Sand 
% Silt % 
Clay  
<4um 
% 
Clay  
<2um 
% 
D [4, 3] 
- 
Volume 
weighte
d mean 
Mode 1 
(microns) 
Mode 2 
(microns) 
Mode 3 
(microns) 
Mean 
(microns) 
Mean  
(phi) 
Std 
Dev 
(phi) 
Gskew 
(phi) 
Kurtosi
s (phi) 
WP4 0.413 38.63 57.85 3.52 0.45 95.4 46.54 311.69 0 49.82 4.33 1.96 -0.03 1.07 
WP4 0.303 77.27 21.06 1.67 0.14 300.008 370.637 17.11 0 161 2.63 2.04 0.63 1.52 
WP4 0.113 93.06 6.86 0.09 0 375.302 379.916 43.34 0 355.55 1.49 0.95 0.32 2.03 
WP4 -0.397 40.35 56.42 3.23 0.25 113.053 50.365 369.32 0 50.46 4.31 2.08 -0.05 1.04 
WP4 -0.747 54.59 43.12 2.29 0.17 180.349 56.594 366.21 0 77.67 3.69 2.19 0.03 0.83 
WP4 -1.117 100 0 0 0 429.413 403.377 0 0 399.66 1.32 0.58 0.01 0.92 
WP4 -1.527 100 0 0 0 432.059 410.837 0 0 409.14 1.29 0.49 0.01 0.94 
WP4 -2.027 100 0 0 0 395.637 378.897 0 0 378.13 1.4 0.45 0 0.95 
WP4 -2.557 100 0 0 0 440.581 420.275 0 0 418.34 1.26 0.48 0.01 0.94 
WP4 -2.927 95.45 3.51 1.04 0.12 387.226 374.85 5.53 36.77 357.07 1.49 0.72 0.1 1.06 
WP4 -3.327 92.91 5.22 1.87 0.32 360.136 357.286 5.34 35.1 332.04 1.59 1.24 0.35 2.42 
WP4 -3.917 96.47 3.03 0.5 0 440.38 423.558 7.15 0 404.5 1.31 0.7 0.08 1.01 
WP4 -4.097 87.56 9.97 2.47 0.39 334.325 351.132 6.46 34.61 301.59 1.73 1.43 0.41 2.52 
WP4 -4.297 86.58 11.32 2.1 0.3 316.095 329.515 7.77 31.19 279.38 1.84 1.42 0.41 2.34 
WP4 -4.497 88.42 9.41 2.17 0.36 376.652 394.491 6.89 38.17 339.96 1.56 1.41 0.41 2.49 
WP4 -4.767 93.07 5.49 1.44 0.27 355.488 354.096 38.55 5.83 328.72 1.61 1.07 0.32 2.02 
WP4 -5.477 93.74 4.72 1.54 0.25 450.246 440.629 5.34 42.22 402.43 1.31 1.19 0.31 1.91 
WP4 -6.087 94.55 4.34 1.11 0.14 354.362 347.297 37.21 5.66 329.69 1.6 0.94 0.28 1.78 
WP4 -6.607 94.45 4.4 1.15 0.24 300.243 292.082 31.55 4.7 277.29 1.85 0.94 0.26 1.71 
WP4 -6.977 96.18 3.36 0.46 0 421.22 407.292 42.74 0 391.08 1.35 0.66 0.08 1.02 
WP4 -7.377 93.74 5.75 0.51 0 383.314 380.293 33.56 12.39 354.74 1.5 1.03 0.31 1.95 
WP4 -7.747 100 0 0 0 488.224 462.007 0 0 452.01 1.15 0.6 0.02 0.92 
WP4 -7.917 91.69 5.58 2.73 1.72 427.391 445.951 54.52 7.58 405.64 1.3 1.24 0.4 2.84 
WP4 -8.347 100 0 0 0 467.224 443.776 0 0 435.99 1.2 0.57 0.02 0.92 
WP4 -8.737 95.09 4.24 0.67 0.03 511.445 504.734 55.86 9.39 484.17 1.05 0.88 0.29 1.91 
WP4 -9.517 92.21 7.15 0.64 0.1 428.158 451.724 58.15 10.58 405.18 1.3 0.98 0.35 2.01 
 
 
 
92 
APPENDIX F – STATISTICAL GRAIN SIZE PARAMETERS 
 
Figure 27: Statistical grain-size parameters versus depth for WP1. 
 
Figure 28: Statistical grain-size parameters versus depth for WP2. 
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Figure 29: Statistical grain-size parameters versus depth for WP3. 
 
Figure 30: Statistical grain-size parameters versus depth for WP4. 
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APPENDIX G – WINDANG AQUIFER CROSS-SECTIONS 
 
Figure 31: Cross-section of the study area showing the distribution of electrical conductivity 
concentrations during the dry sample round. All bores depths have been measured to AHD. 
 
 
Figure 32: Cross-section of the study area showing the distribution of electrical conductivity 
concentrations during the rain event sample round. All bores depths have been measured to AHD. 
 
 
95 
 
Figure 33: Cross-section of the study area showing the distribution of TKN concentrations during 
the dry sample round. All bores depths have been measured to AHD. 
 
 
Figure 34: Cross-section of the study area showing the distribution of TKN concentrations during 
the rain event sample round. All bores depths have been measured to AHD. 
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Figure 35: Cross-section of the study area showing the distribution of pH during the dry period 
sample round. All bores depths have been measured to AHD. 
 
 
Figure 36: Cross-section of the study area showing the distribution of pH during the rain event 
sample round. All bores depths have been measured to AHD. 
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APPENDIX H – DRILLING LOGS FOR THE CORING PROCESS 
Table 20: Drill Logs for the cores taken from WP1 using sonic wireline coring. 
Label/Lift # 1-1 
 
1-2 
 
1-3 
 
1-4 
 
1-5 
 
1-6 
 
1-7 
 
1-8 
                Steel 
               Battery length [mm] 2400 
 
2400 
 
2400 
 
2400 
 
2400 
 
2400 
 
2400 
 
2400 
Casing rods (n) 0 
 
1 
 
2 
 
3 
 
4 
 
4 
 
5 
 
6 
Casing length (1500 * n) [mm] 0 
 
1500 
 
3000 
 
4500 
 
6000 
 
6000 
 
7500 
 
9000 
Total Steel [mm] 2400 
 
3900 
 
5400 
 
6900 
 
8400 
 
8400 
 
9900 
 
11400 
Out of hole [mm] 900 
 
1050 
 
1150 
 
1250 
 
1100 
 
600 
 
800 
 
1300 
RL hole depth [mm] 1500 
 
2850 
 
4250 
 
5650 
 
7300 
 
7800 
 
9100 
 
10100 
Last depth [mm] 0 
 
1500 
 
2850 
 
4250 
 
5650 
 
7300 
 
7800 
 
9100 
Advance [mm] 1500 
 
1350 
 
1400 
 
1400 
 
1650 
 
500 
 
1300 
 
1000 
                Sample 
               PVC [mm] 1450 
 
1450 
 
1450 
 
1450 
 
1450 
 
1450 
 
1450 
 
1450 
Loss up [mm] 0 
 
0 
 
1450 
 
0 
 
0 
 
0 
 
0 
 
50 
Loss down [mm] 0 
 
0 
 
0 
 
500 
 
150 
 
700 
 
100 
 
700 
PVC total loss [mm] 0 
 
0 
 
1450 
 
500 
 
150 
 
700 
 
100 
 
750 
PVC recovery [mm] 1450 
 
1450 
 
0 
 
950 
 
1300 
 
750 
 
1350 
 
700 
Bit recovery [mm] 120 
 
120 
 
100 
 
120 
 
120 
 
120 
 
120 
 
120 
Total recovery [mm] 1570 
 
1570 
 
100 
 
1070 
 
1420 
 
870 
 
1470 
 
820 
                Internal casing 
               Open casing (measure inside) [mm] 2200 
 
3150 
 
5300 
 
6900 
 
8000 
 
8200 
 
9000 
 
11200 
Out of hole (see at steel) [mm] 900 
 
1050 
 
1150 
 
1250 
 
1100 
 
600 
 
850 
 
1300 
RL inside depth [mm] 1300 
 
2100 
 
4150 
 
5650 
 
6900 
 
7600 
 
8150 
 
9900 
RL hole depth (see at steel) [mm] 1500 
 
2850 
 
4250 
 
5650 
 
7300 
 
7800 
 
9100 
 
10100 
Casing infill [mm] 200 
 
750 
 
100 
 
0 
 
400 
 
200 
 
950 
 
200 
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Table 21: Drill Logs for the cores taken from WP2 using the sonic pre-core method. 
Label/Lift # 2-1 
 
2-2 
 
2-3 
 
2-4 
 
2-5 
 
2-6 
 
2-7 
 
2-8 
 
2-9 
Steel 
                 Battery length [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
Casing rods (n) - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
Casing length (1500 * n) [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
Total Steel [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
Out of hole [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
RL hole depth [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
Last depth [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
Advance [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
                  Sample 
                 PVC [mm] 500 
 
1450 
 
1450 
 
1450 
 
1450 
 
1450 
 
1450 
 
1450 
 
1450 
Loss up [mm] 0 
 
0 
 
0 
 
0 
 
0 
 
0 
 
0 
 
0 
 
0 
Loss down [mm] 0 
 
480 
 
410 
 
410 
 
280 
 
590 
 
620 
 
730 
 
180 
PVC total loss [mm] 0 
 
480 
 
410 
 
410 
 
280 
 
590 
 
620 
 
730 
 
180 
PVC recovery [mm] 500 
 
970 
 
1040 
 
1040 
 
1170 
 
860 
 
830 
 
720 
 
1270 
Bit recovery [mm] 120 
 
120 
 
120 
 
120 
 
120 
 
120 
 
120 
 
120 
 
120 
Total recovery [mm] 620 
 
1090 
 
1160 
 
1160 
 
1290 
 
980 
 
950 
 
840 
 
1390 
                  Internal casing 
                 Open casing (measure inside) [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
Out of hole (see at steel) [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
RL inside depth [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
RL hole depth (see at steel) [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
Casing infill [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
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Table 22: Drill Logs for the cores taken from WP3 using sonic wireline coring. 
Label/Lift # 3-1 
 
3-2 
 
3-3 
 
3-4 
 
3-5 
 
3-6 
 
3-7 
 
3-8 
Steel 
               Battery length [mm] 2400 
 
2400 
 
2400 
 
2400 
 
2400 
 
2400 
 
2400 
 
2400 
Casing rods (n) 0 
 
1 
 
2 
 
3 
 
4 
 
5 
 
6 
 
7 
Casing length (1500 * n) [mm] 0 
 
1500 
 
3000 
 
4500 
 
6000 
 
7500 
 
9000 
 
10500 
Total Steel [mm] 2400 
 
3900 
 
5400 
 
6900 
 
8400 
 
9900 
 
11400 
 
12900 
Out of hole [mm] 1050 
 
1100 
 
1100 
 
1000 
 
900 
 
1100 
 
1200 
 
2100 
RL hole depth [mm] 1350 
 
2800 
 
4300 
 
5900 
 
7500 
 
8800 
 
10200 
 
10800 
Last depth [mm] 0 
 
1350 
 
2800 
 
4300 
 
5900 
 
7500 
 
8800 
 
10200 
Advance [mm] 1350 
 
1450 
 
1500 
 
1600 
 
1600 
 
1300 
 
1400 
 
600 
                Sample 
               PVC [mm] 1450 
 
1450 
 
1450 
 
1450 
 
1450 
 
1450 
 
1450 
 
1450 
Loss up [mm] 0 
 
0 
 
1450 
 
0 
 
1100 
 
100 
 
250 
 
- 
Loss down [mm] 0 
 
0 
 
0 
 
300 
 
0 
 
0 
 
0 
 
- 
PVC total loss [mm] 0 
 
0 
 
0 
 
300 
 
1100 
 
100 
 
250 
 
- 
PVC recovery [mm] 1450 
 
1450 
 
0 
 
1150 
 
350 
 
1350 
 
1200 
 
- 
Bit recovery [mm] 120 
 
120 
 
120 
 
120 
 
120 
 
120 
 
120 
 
- 
Total recovery [mm] 620 
 
1570 
 
120 
 
1270 
 
470 
 
1470 
 
1320 
 
- 
                Internal casing 
               Open casing (measure inside) [mm] 2400 
 
3800 
 
5400 
 
6900 
 
8300 
 
9900 
 
11400 
 
11400 
Out of hole (see at steel) [mm] 1050 
 
1100 
 
1100 
 
1000 
 
900 
 
1100 
 
1200 
 
2100 
RL inside depth [mm] 1350 
 
2700 
 
4300 
 
5900 
 
7400 
 
8800 
 
10200 
 
9300 
RL hole depth (see at steel) [mm] 1350 
 
2700 
 
4300 
 
5900 
 
7500 
 
8800 
 
10200 
 
10800 
Casing infill [mm] 0 
 
0 
 
0 
 
0 
 
100 
 
0 
 
0 
 
1500 
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Table 23: Drill Logs for the cores taken from WP4 using the sonic pre-core method. 
Label/Lift # 4-1 
 
4-2 
 
4-3 
 
4-4 
 
4-5 
 
4-6 
 
4-7 
Steel 
             Battery length [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
Casing rods (n) - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
Casing length (1500 * n) [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
Total Steel [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
Out of hole [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
RL hole depth [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
Last depth [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
Advance [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
              Sample 
             PVC [mm] 1450 
 
1450 
 
1450 
 
1450 
 
1450 
 
1450 
 
1450 
Loss up [mm] 0 
 
0 
 
1450 
 
0 
 
1100 
 
100 
 
250 
Loss down [mm] 170 
 
320 
 
0 
 
300 
 
0 
 
0 
 
0 
PVC total loss [mm] 170 
 
320 
 
0 
 
300 
 
1100 
 
100 
 
250 
PVC recovery [mm] 1280 
 
1130 
 
990 
 
980 
 
1390 
 
1190 
 
1350 
Bit recovery [mm] 120 
 
120 
 
120 
 
120 
 
120 
 
120 
 
120 
Total recovery [mm] 620 
 
1250 
 
1110 
 
1100 
 
1510 
 
1310 
 
1470 
              Internal casing 
             Open casing (measure inside) [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
Out of hole (see at steel) [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
RL inside depth [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
RL hole depth (see at steel) [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
Casing infill [mm] - 
 
- 
 
- 
 
- 
 
- 
 
- 
 
- 
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APPENDIX I – WP1 CORE SAMPLE PHOTOGRAPHS 
WP1-1 
   
   1      2    3 
 
  4 
WP1-2 
    
  1     2    3     4 
WP1-4 
   
  1     2    3 
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WP1-5 
    
  1     2     3   4 
 
 
WP1-6 
   
 1    2    3 
 
WP1-8 
   
  1   2    3 
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APPENDIX J – WP2 CORE SAMPLE PHOTOGRAPHS 
 
WP2-1 
 
1 
WP2-2 
  
   1       2      3 
WP2-3 
 
   1       2 
 
   3       4  
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WP2-4 
 
  1      2       3 
WP2-5 
 
  1      2     3    4 
WP2-6 
  
1 2 
WP2-7 
  
1 2 
  
 
 
105 
 
WP2-8 
  
1 2 
 
 
 
WP2-9 
    
   1      2     3 
 
  4 
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APPENDIX K – WP3 CORE SAMPLE PHOTOGRAPHS 
 
WP3-1 
 
   1     2    3     4 
WP3-2 
 
   1     2    3     4 
WP3-4 
 
1       2 
 
3 
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WP3-6 
 
   1      2      3 
 
4 
    
WP3-7 
 
   1       2      3 
 
 
 
4         WP3-8 
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APPENDIX L – WP4 CORE SAMPLE PHOTOGRAPHS 
WP4-1 
  
1       2 
  
3      4 
WP4-2 
 
   1      2       3 
WP4-3 
 
   1     2      3 
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WP4-4 
 
   1       2     3 
WP4-5 
 
   1       2      3 
 
   4 
WP4-6 
 
  1     2     3     4 
WP4-7 
 
  1     2     3     4 
